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A  program  of  extensively  diagnosed  experiments  to  investigate  the  physics 
of  intense  relativistic  electron-beam  propagation  in  low-density  air  is  in  pro 
gress  using  beam  generators  at  the  Air  Force  Weapons  Laboratory.  The  primary 
objectives  of  this  research  are  the  rate  of  erosion  of  the  head  of  the  beam, 
and  to  Investigate  resistive  instabilities,  such  as  the  hose  and  hollowing 
modes,  that  limit  the  transport  of  beam  energy  over  significant  distances. 

The  first  year  tasks  of  delineating  the  pressure  range  for  maximum  energy 
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of  the  beam  producedby  the  FX-100  have  been  accomplished.  Maximum  energy 
transport  (measured  calorlmetrlcally)  of  the  FX-100  beam  (-1.5  MeV,  -  40  kA, 

-  120  ns)  occurred  at  0.3-0.5-Torr  air  pressure.  This  a1rrpressure  window  for 
maximum  energy  transport  was  defined  by  loss  of  the  tail  of  the  beam  at  high 
pressures  and  by  erosion  of  the  beam  head  at  low  pressures.  Propagation  in  the 
window  was  characterized  by  a  high  degree  of  current  neutralization  (-  80%  or 
more),  by  Intense  light  emission,  suggestive  of  strong  avalanche  breakdown,  and 
by  the  onset  of  a  virulent  hollowing  instability  that  resulted  in  as  much  as 
80%  of  the  beam  current  being  carried  in  a  thin  annular  shell  at  a  radius  about 
twice  the  Bennett  radius  characterizing  the  initially  injected  current  distri¬ 
bution.  Space-  and  time-resolved  measurements  of  the  current  distribution  with 
a  fast-risetime  subminiature  charge  collector  array  showed  that  the  thin-shell 
hollowing  instability  developed  late  (-  20  ns  or  more)  into  the  beam  pulse. 
Sectroscopic  measurements  of  the  visible  emission  suggest  that  the  air  near  the 
axis  of  the  beam  may  have  been  hotter  and  more  highly  ionized  in  this  pressure 
regime,  which  may  have  resulted  in  a  conductivity  profile  more  centrally  con¬ 
centrated  than  that  of  the  beam. 

The  appearance  of  a  thin-shell  hollwing  instability  in  the  pressure  regime 
where  avalanching  provides  an  important  contribution  to  the  conductivity,  which 
may  have  a  profile  more  peaked  than  the  beam,  and  where  the  current  is  highly 
neutralized  is  in  qualitative  agreement  with  existing  theory  and  simulations. 

The  observed  delay  in  onset  is  not,  but  may  result  from  imperfect  air-chemistry 
modelling  giving  an  erroneous  delay  for  the  buildup  of  an  unstable  conductivity 
profile.  Propagation  simulations  performed  in  support  of  our  experimental 
program  showed  many  features  consistent  with  the  experimental  results,  includ¬ 
ing  a  high  degree  of  current  neutralization,  rapid  blowoff  of  the  initially-  1 
injected  beam  head  followed  by  a  slower  erosion,  and  a  lack  of  instability 
early  in  the  beam  pulse.  Linearized  simulation  suggest  instability  to  thin- 
shell  hollowing  in  the  body  of  the  beam. 

The  low-pressure  air  propagation  experiments  will  be  continued  using  the 
electron  beam  produced  by  a  new  accelerator  (VISHNU)  being  constructed  at  the 
Air  Force  Weapons  Laboratory.  The  VISHNU  experiments  will  incorporate  a  low- 
sressure  beam  preparation  cell.  The  rationale  for  this  is  based  on  our  explor- 
jtory  tests  using  the  FX-25  that  demonstrated  the  stabilization  of  the  hose 
instability  in  full-density  air  by  using  a  low-pressure  beam-conditioning  cell. 
/ISHNU  is  design  to  have  electron  beam  kinetic  energy  and  current  (~  1.5  MeV, 

-  40  kA)  close  to  that  of  the  FX-100  to  take  advantage  of  our  experience  with 
that  beam,  but  it  will  have  a  much  shorter  pulselength  (~  26  ns).  Whether  the 
thin-shell  hollowing  will  be  observed  in  the  shorter-pulse  experiments  remains 
to  be  seen. 
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ABSTRACT 

A  program  of  extensively  diagnosed  experiments  to  Investigate 
the  physics  of  Intense  relativistic  electron-beam  propagation  in 
low-density  air  is  In  progress  using  beam  generators  at  the  Air 
Force  Weapons  Laboratory.  The  primary  objectives  of  this  research 
are  to  measure  the  rate  of  erosion  of  the  head  of  the  beam,  and  to 
investigate  resistive  Instabilities,  such  as  the  hose  and 
hollowing  nodes,  that  limit  the  transport  of  beam  energy  over  r'or 
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significant  distances.  { 

The  first  year  tasks  of  delineating  the  pre66ure  range  for 
maximum  energy  transport  and  measuring  the  temporal  evolution  of 
the  current  density  profile  of  the  beam  produced  by  the  FX-100  1 
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have  been  accomplished.  Maximum  energy  transport  (measured 
calorimetrically)  of  the  FX-100  beam  (~1.5  MeV,  ~40  kA,  ~120  ns) 
occured  at  0.3-0.5-Torr  air  pressure.  This  air-pressure  window 
for  maximum  energy  transport  was  defined  by  loss  of  the  tall  of 
the  beam  at  high  pressures  and  by  erosion  of  the  beam  head  at  low 
pressures.  Propagation  in  the  window  was  characterized  by  a  high 
degree  of  current  neutralization  (~80%  or  more),  by  Intense  light 
emission,  suggestive  of  strong  avalanche  breakdown,  and  by  the 
onset  of  a  virulent  hollowing  instability  that  resulted  in  as  much 
as  80%  of  the  beam  current  being  carried  in  a  thin  annular  shell 
at  a  radius  about  twice  the  Bennett  radius  characterizing  the 
initially  injected  current  distribution.  Space-  and  time-resolved 
measurements  of  the  current  distribution  with  a  fast-risetime 
subminiature  charge  collector  array  showed  that  the  thin-shell 
hollowing  instability  developed  late  (~20  ns  or  more)  into  the 
beam  pulse.  Spectroscopic  measurements  of  the  visible  emission 
suggest  that  the  air  near  the  axis  of  the  beam  may  have  been 
hotter  and  more  highly  ionized  in  this  pressure  regime,  which  may 
have  resulted  in  a  conductivity  profile  more  centrally 
concentrated  than  that  of  the  beam. 

The  appearance  of  a  thin-shell  hollowing  instability  in  the 
pressure  regime  where  avalanching  provides  an  Important 
contribution  to  the  conductivity,  which  may  have  a  profile  more 
peaked  than  the  beam,  and  where  the  current  is  highly  neutralized 
is  in  qualitative  agreement  with  existing  theory  and  simulations. 


The  observed  delay  In  onset  Is  not,  but  may  result  from  Imperfect 
air-chemistry  modelling  giving  an  erroneous  delay  for  the  buildup 
of  an  unstable  conductivity  profile.  Propagation  simulations 
performed  In  support  of  our  experimental  program  showed  many 
features  consistent  with  the  experimental  results,  Including  a 
high  degree  of  current  neutralization,  rapid  blowoff  of  the 
initially-injected  beam  head  followed  by  slower  erosion,  and  a 
lack  of  Instability  early  In  the  beam  pulse.  Linearized 
simulations  suggest  instability  to  thin-shell  hollowing  In  the 
body  of  the  beam. 

The  low-pressure  air  propagation  experiments  will  be 
continued  using  the  electron  beam  produced  by  a  new  accelerator 
(VISHNU)  being  constructed  at  the  Air  Force  Weapons  Laboratory. 
The  VISHNU  experiments  will  Incorporate  a  low-pressure  beam 
preparation  cell.  The  rational  for  this  is  based  on  our 
exploratory  tests  using  the  FX-25  that  demonstrated  the 
stabilization  of  the  hose  instability  in  full-density  air  by  using 
a  low-pressure  beam-conditioning  cell.  VISHNU  is  designed  to  have 
electron  beam  kinetic  energy  and  current  (~1.5  MeV,  ~40  kA)  close 
to  that  of  the  FX-100  to  take  advantage  of  our  experience  with 
that  beam,  but  it  will  have  a  much  shorter  pulselength  (-26  n6). 
Whether  the  thin-shell  hollowing  will  be  observed  in  the 
•horter-pulse  experiments  remains  to  be  seen. 
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I.  RESEARCH  OBJECTIVES 


A«  Introduction 

Directed  energy  weapons  have  the  potential  to  revolutionize  modern  warfare 
and  greatly  affect  national  defense  policies.  The  application  of  high-energy 
particle  beams  as  directed  energy  weapons  Is  particularly  promising  because  of 
their  ability  to  penetrate  targets.  The  realization  of  this  concept  is 
dependent  on  major  technical  issues  in  the  areas  of  pulse  power,  particle 
accelerators  and  beam-  target  interactions.*  These  technical  problems  can 
probably  be  overcome  with  the  expenditure  of  sufficient  technical  effort. 

However,  the  physics  of  beam  propagation  may  prevent  delivering  sufficient 
energy  over  the  distances  required  to  make  beams  practical  as  weapons. 
Endoatmospheric  propagation  remains  a  key  issue  that  may  not  yield  to  a  massive 
research  effort.  Basic  physics  questions  about  the  growth  rates  and  nature  of 
instabilities  encountered  during  beam  pulse  transmission  through  the  atmosphere 
re.  .n  unresolved.  The  complexity  of  beam  propagation  physics  and  air 
chemistry  makes  the  prediction  of  beam  behavior  dificult.  Theoretical  analysis 
has  used  broad  assumptions  regarding  the  beam  current  distribution,  evolution 
and  equilibrium  in  order  to  make  the  problem  more  tractable.  Clearly,  the 
issue  of  propagation  will  not  be  fully  resolved  until  full-scale  experiments 
with  accelerators  having  weapons-grade  parameters  are  performed.  It  is  also 
clear  that  one  cannot  wait  for  the  advent  of  such  experiments,  because  bean 
propagation  will  have  a  significant  role  in  determining  the  optimal  weapon 
accelerator  parameters.  It  is  desirable,  therefore,  to  address  the  scaling  of 


propagation  phenomena  with  beam  parameters  by  conducting  experiments  using 
presently  available  accelerators. 


Realizing  the  scope  and  manifold  nature  of  problems  arising  from  beam 
propagation,  we  have  commenced  an  experimental  investigation  initially  confined 
to  two  crucial  topics:  the  rate  of  erosion  of  the  beam  nose,  and  the  coupling 
between  nose  erosion  and  resistive  instabilities,  such  as  the  hose  and 
hollowing  instabilities.  These  experiments  are  being  performed  using  the  bean 
generators  available  at  the  Air  Force  Weapons  laboratory.  They  are  designed  to 
provide  both  qualitative  and  quantitative  measurements  of  the  rate  of  nose 
erosion,  effects  of  the  hollowing  instability,  and  the  nature  of  the  hose 
instability. 

This  study  consists  of  several  distinct  parts.  The  pressure  window  for 
stable  beam  propagation  must  be  determined,  as  well  as  the  evolution  of  the 
beam  current  distribution  from  injection  to  an  equilibrium  profile.  The  bean 
erosion  rate  mu6t  be  measured  in  stable-  and  unstable-propagation  pressure 
regimes.  As  a  result,  the  absolute  or  convective  nature  of  the  resistive 
instabilities  when  coupled  to  beam-nose  erosion  will  be  determined.  Finally, 
analytical  and  computational  studies  must  be  undertaken  to  support  the 
interpretation  of  the  experimental  results. 

B.  Technical  Issues 

Suppression  of  instabilities  is  a  key  issue  for  successful  propagation  of 
Intense  relativistic  electron  beams  over  long  distances  in  the  atmosphere. 
Instabilities  are,  in  principle,  capable  of  deflecting  a  beam  from  its  desired 
trajectory,  fragmenting  the  beam  into  filaments,  dissipating  beam  energy,  and 
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causing  significant  emlttance  growth.  All  of  these  effects  have  been  observed 
experimentally.  The  Instabilities  arise  from  the  Interaction  of 
nejative-energy  waves  of  the  electron  beam  with  positive-energy  waves  of  the 
resistive  ionized-gas  channel  created  by  the  beam.  Energy  transfer  from  the 
negative-energy  waves  to  the  positive-energy  waves  causes  both  to  grow,  often 
with  catastrophic  result  to  the  beam. 

A  self-pinched  relativistic  beam  supports  two  negative  energy  modes:  the 
space  charge  wave,  and  the  betatron  wave.  This  research  program  addresses  only 
the  latter.  The  betatron  wave  differs  from  the  more  familiar  cyclotron  wave 
because  it  occurs  as  the  result  of  an  inhomogeneous  azimuthal  magnetic  field 
rather  than  a  homogeneous  axial  field.  At  long  wavelengths  the  betatron  mode 
gives  rise  to  sausage,  kink,  and  thin-shell  hollowing  instabilities.^  The  kink, 
or  resistive  hose,  is  thought  to  be  the  mo6t  dangerous,  although  recent 
theoretical  results  indicate  that  the  sausage,  or  hollowing,  instability  may  be 
as  serious  for  beams  having  a  high  degree  of  current  neutralization. 

Theoretical  investigations  of  the  resistive-hose  instability  have  yielded 

•%  t 

many  valuable  insights  into  hose  behavior  in  the  body  of  the  beam.  However, 
the  modeling  of  beam  propagation  has  proved  to  be  an  extremely  difficult 
problem.  Derivation  of  equations  and  scaling  relationships  from  first 
principles  is  not  analytically  tractable.  As  a  result,  the  models  developed 
have  Incorporated  a  number  of  assumptions  about  the  beam  profile  and  motion: 

1.  Beam  electron  motion  is  treated  in  the  paraxial  approximation  with  the 
axial  velocity  set  equal  to  the  speed  of  light,  c.  This  approximation  requires 
that  the  transverse  components  of  the  electron  equations  of  motion  and  the 
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field  equations  be  negligibly  small  compared  with  the  longitudinal  components, 
and  that  the  ratio  of  net  current  to  the  Alfven  limiting  current  be  small. 

2.  The  transverse  velocity  distribution  is  taken  to  be  a  truncated 
Bennett  distribution.^ 

3.  Energetic  delta-ray  secondaries  are  ignored,  although  calculations 
show  that  they  can  constitute  a  current  greater  than  10%  of  the  primary 
current 

4.  Beam  transverse  motion  is  treated  in  the  rigid  beam  approximation, 
with  any  spread  in  betatron  frequency  mocked  up  by  mass  spread  for  the  rigid 
beam  disks.  This  approximation  precludes  determining  the  possibly  stabilizing 
effect  of  orbit  precession  or  the  effect  of  radial  variation  in  betatron 
frequency. 

5.  The  channel  plasma  is  assumed  to  be  purely  resistive,  ignoring 
reactive  terms  resulting  from  electron  inertia  or  plasma  waves. 

6.  Realistic  plasma  conductivity  and  return  current  radial  profiles  are 
not  employed.  Usually,  the  conductivity  is  taken  to  be  scalar,  and  the  return 
current  profile  is  taken  to  be  the  same  as  the  beam  current  profile. 

7.  Only  the  axial  component  of  the  wave  vector  potential  is  considered, 
and  it  is  computed  in  the  long  wavelength,  diffusion  approximation. 

The  sum  total  of  these  assumptions  describes  a  highly  idealized  state  for 
the  beam-plasma  system  that  may  not  be  truly  representative  of  the  physics 
Involved.  Models  using  these  approximations  indicate  that  the  hose  growth  rate 
is  a  maximum  at  wave  frequencies  near  the  average  betatron  frequency,  and  that 
the  growth  rate  can  be  reduced  by  a  spread  in  betatron  frequencies.^  This 
somewhat  qualitative  picture  may  not  sufficiently  accurate  for  detailed 


comparison  with  experiments  or  for  selecting  future  accelerator  designs. 
Numerical  calculations  have  Incorporated  many  of  the  same  approximations,  and 
therefore  their  results  cannot  corroborate  the  analytic  work. 


Hose  behavior  near  the  nose  of  the  beam  16  not  so  well  understood,  not 
only  because  the  approximations  are  less  well  satisfied,  but  al6o  because  the 
beam  and  channel  parameters  are  changing  in  a  scale  length  6hort  compared  with 
a  betatron  wavelength.  The  resistive  hose,  hollowing,  and  thin-shell  hollowing 
instabilities  are  potentially  more  serious  at  the  nose  because,  if  the  nose 
breaks  up  or  deflects,  the  beam  body  is  apt  to  do  likewise.  At  the  nose  these 
Instabilities  need  not  necessarily  grow  from  noise  because  slight  misalignments 
between  beam  and  channel  can  induce  lateral  oscillations  in  the  beam  nose, 
giving  a  head  6tart  to  hose  instabilities.  Also,  near  the  nose  the  channel 
conductivity  and  beam  frequency  are  more  nearly  matched,  causing  larger  growth 
rates,  other  things  being  equal.  Offsetting  these  conditions  is  the  great 
inhomogeneity  of  the  beam  and  channel  near  the  nose,  which  reduces  growth  rate. 
Also  important  is  the  convective  nature  of  the  resistive  instabilities  in  the 
beam  frame;  perturbations  originating  in  the  nose  move  back  in  the  beam  as  they 
grow.^  On  this  basis  the  instability  would  not  be  expected  to  become  larger 
near  the  beam  nose.  In  fact,  the  beam  nose  erodes  because  of  ohmic  energy 
losses  and  lack  of  radial  force  balance.  Recently,  concern  has  developed  that 
the  erosion  rate  may  match  the  convection  rate  so  closely  that  substantial 
growth  may  occur  in  the  beam  nose. 

Analyzing  this  complicated  behavior  is  very  difficult.  Beam  and  channel 
parameters  rapidly  change  in  apace  and  time.  Thus,  interplay  between  resistive 
instabilities  and  the  eroding  nose  is  very  complex.  Some  progress  has  been 
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achieved  in  analyzing  nose-coupled  instabilities,  but  much  remains  to  be  done. 
Structure  of  the  beam  nose  is  not  well  understood  even  in  the  abscence  of 
Instabilities. 

It  is  prudent  to  compare  the  analytic  predictions  with  experimental 
results  because  of  the  nature  and  number  of  approximations  made.  One  series  of 
experiments  appears  to  confirm  the  validity  of  a  Bennett  radial  current 
profile. ^  However,  this  may  be  fortuitous.  Even  qualitative  measurements  of 
nose  erosion  are  scarce.  The  maximum  erosion  rate  in  the  low-pressure  window 
for  stable  propagation  has  been  inferred  from  measurements  of  the  time  delay 

O 

for  the  beam  arrival  at  a  given  axial  position.  In  general,  experiments  with 

O  1  o 

hose-unstable  beams  have  been  qualitative  in  nature.  ’  Time-integrated  (open 
shutter)  photography  has  been  a  major  diagnostic.  The  beam  current 
distribution  at  injection  and  beam  emittance  are  critical  parameters  that  have 
never  been  ascertained  in  the  experiments  because  of  the  difficulty  of  the 
measurements.  This  is  also  true  of  the  time  it  takes  for  the  beam  to  evolve  to 
an  equilibrium  after  injection.  Nevertheless,  these  previous  experiments  have 
established  relationships  between  hose  instability  growth  rates  and  certain 
parameters : 

1.  At  high  pressures  the  hose  instability  is  the  limiting  factor  for  beam 
propagation. 

2.  High  beam  Impedance  increases  the  hose  growth  scale  length  because 
lower  net  current  implies  longer  betatron  wavelengths. 

3«  A  larger  equilibrium  radius  also  Increases  the  hose  growth  scale 


4.  A  high  beam  temperature  (emlttance)  stabilizes  the  hose  growth, 


apparently  as  a  result  of  the  betatron  frequency  spread. 

The  limitations  of  the  analytical  descriptions  of  beam  propagation  and  the 
qualitative  nature  of  the  measurements  made  to  date  underscore  the  need  for  our 
extensively  diagnosed  program  of  propagation  experiments.  Emphasis  has  been 
placed  on  nose  erosion,  and  on  erosion-coupled  instabilities  because  of  the 
current  lack  of  understanding  of  these  crucial  aspects  of  propagation  physics. 

C.  Experimental  program 

The  key  to  the  experimental  program  is  a  thorough  knowledge  of  beam 
parameters  at  injection  and  extensive  diagnosis  of  beam  evolution  In  the  drift 
tube.  This  will  enable  an  unequivocal  analysis  of  beam-nose  erosion  and  the 
hose  instability.  It  will  also  address  the  question  of  whether  the  hose 
instability  is  absolute  or  convective  as  a  result  of  the  influence  of  nose 
erosion.  The  required  investigations  will  take  two  years  for  completion.  The 
utility  of  the  various  diagnostics  will  be  discussed  is  the  context  of  the 
individual  experiments.  It  should  be  realized,  however,  that  these  diagnostics 
and  variations  on  them  will  be  employed  in  ways  in  addition  to  those  described 
here.  Also,  the  use  of  the  different  diagnostic  devices  will  be  carried  over 
from  one  aeries  of  experiments  to  another.  Finally,  the  diagnostics  described 
will  be  eupplemented  with  techniques  that  we  invent  and  develop  during  the 
course  of  the  experiments. 
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1.  First  Year  Experiments 

The  program  to  be  carried  out  using  the  AFWL  beam  generators  has  four 

distinct  phases.  First,  the  range  of  pressures,  or  "window”,  that  permits 

•table  beam  propagation  will  be  determined.  This  window  has  also  been  measured 
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using  different  beam  machines.  It  has  been  Interpreted  as  a  region  between 
the  collislonal  extinction  of  the  two-stream  instability  and  the  onset  of  the 
hose  instability.  The  pressure  window  changes  with  gas  composition,  with  bean 
kinetic  energy,  and  with  propagation  chamber  geometry.  It  can  be  ascertained 
from  measurements  of  the  beam  energy  transmitted  over  the  drift  tube  length  at 
different  pressures.  Previous  experiments  have  shown  that  the  window  can  also 
be  determined  from  measurements  of  the  net  current  (beam  current  plus 
plasma-channel  return  current).  Both  of  these  methods  will  be  used  in  our 
experiments.  A  series  of  Rogowski  coils  at  different  axial  positions  along  the 
drift  tube  will  measure  net  current,  and  a  calorimeter  at  the  end  of  the  tube 
will  measure  the  transmitted  beam  energy.  By  plotting  the  results  of  these 
measurements  versus  pressure  the  window  will  be  delineated. 

The  second  task  of  the  program  Is  to  determine  the  bean  current 
distribution  and  it6  evolution  resulting  from  collisions.  This  knowledge  is 
crucial  for  establishing  the  validity  of  proposed  theoretical  models  of  beam 
propagation  and  Instability  growth.  Yet  It  has  never  been  adequately  measured 
In  the  laboratory.  The  beam  distribution  varies  with  beam  kinetic  energy, 
injected  beam  current,  cathode  shape  and  composition,  anode-cathode  spacing, 
and  anode  foil  thickness.  A  complete  parameter  search  to  establish  the 
variation  of  the  beam  distribution  with  these  factors  would  be  valuable  indeed, 
but  such  a  study  is  not  within  the  scope  of  our  research  objectives.  Instead, 


the  current  distribution  will  be  oeasured  for  a  fixed  diode  configuration.  The 
foil  thickness  will  be  changed  once  in  order  to  establish  the  change  in  the 
beam  profile  resulting  from  scattering. 

The  beam  current  distribution  will  be  measured  in  vacuum  and  in  the  stable 
propagation  regime.  The  vacuum  measurement  is  necessary  to  separate  the 
effects  of  foil  scattering  from  gas  scattering.  The  beam  will  be  injected 
through  an  anode  foil  into  a  large  diameter  drift  tube  for  these  measurements. 
A  Faraday  cup  array  with  subnanosecond  risetime  will  be  used  in  order  to 
provide  the  required  spatial  resolution.  In  vacuum  the  Faraday  cup  array  will 
be  positioned  close  to  the  anode  foil  so  that  the  beam  distribution  will  not  be 
affected  by  space-charge  repulsion  among  the  electrons.  This  measurement  will 
determine  the  radial  beam  current  profile  at  injection.  The  initial 
measurement  in  air  (at  the  propagation-window  pressure)  also  be  made  close  to 
the  anode  foil.  However,  additional  measurements  will  be  made  at  various  axial 
positions.  In  this  way  the  evolution  of  the  beam  distribution  to  an 
equilibrium  can  be  observed  and  the  validity  of  assuming  a  Bennett  profile  can 
be  tested. 

In  addition  to  these  quantitative  measurements  a  large  number  of 
diagnostics  will  be  used  in  order  to  gain  Insight  into  qualitative  beam 
behavior.  Among  these  are  radiochromlc  bleaching  foils,  which  are  discolored 
by  electrons  with  energy  of  a  few  electron  volts  or  more.  Bleaching  foils  will 
be  positioned  along  the  drift  tube  to  record  the  time-integrated  beam  and 
channel  radial  profile.  By  replacing  the  bleaching  foils  with  metallic-screen 
meshes,  an  X-ray  pinhole  camera  can  be  used  to  produce  an  image  of  the  beam 
primary  electrons.  These  images  can  be  compared  with  the  bleaching  foils  to 


separate  the  beam  and  plasma  channel  radial  structures.  Another 
time-integrated  diagnostic  that  will  be  used  Is  open-shutter  photography.  The 
drift  tube  will  have  provisions  for  time-integrated  (open-shutter  camera)  and 
time-resolved  (framing  camera)  photography  of  the  beam  motion.  Open  shutter 
photography  will  produce  pictures  of  axial  variation  in  the  plasma  channel. 
Time-resolved  observations  of  the  beam  and  plasma  channel  will  be  made  with 
streak  and  framing  cameras. 

2.  Second  Year  Experlmar.  :s 

The  third  task  c  the  proposed  experimental  program  Is  to  measure 
beam-nose  erosion  In  the  stable  propagation  mode  where  It  will  be  decoupled 
from  Instabilities.  It  Is  evident  that  beam-nose  erosion  will  be  occurring  at 
the  same  time  tna^  one  is  trying  to  ascertain  the  evolution  of  the  beam 
distribution  In  low-pressure  gas  (phase  two  of  the  program).  Consequently,  the 
second  and  third  phases  of  the  experimental  program  are  not  disjoint,  and  the 
diagnostics  described  for  the  first  year  will  be  employed  in  the  second  year  to 
perform  similar,  if  not  Identical,  ta6k6. 

A  magnetic  beta  spectrometer  will  be  a  major  diagnostic  in  the  second 
year.  Thi6  AFWL  instrument,  which  is  based  on  a  Lo6  Alamos  Scientific 
Laboratory  spectrometer,  magnetically  deflects  a  precollimated  sample  of  the 
beam,  which  is  detected  by  an  array  of  Faraday  cups  located  in  the  180°  focal 
plane.  The  detector  array  will  provide  a  time  history  of  the  beam  energy 
distribution  because  of  the  energy  dependence  of  the  electron  trajectories 
through  the  spectrometer.  Unfolding  the  output  of  this  device  can  give  an 
indication  of  how  far  into  the  voltage  pulse  the  nose  erosion  is  occuring.  It 
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can  also  define  the  amount  of  beam  energy  degradation  as  a  function  of  time 
Into  the  pulse.  By  obtaining  data  at  different  axial  positions  the  nose 
erosion  as  a  function  of  propagation  distance  can  be  obtained.  Varying 
parameters  6uch  as  pressure,  kinetic  energy,  Injected  current,  and  beam  radial 
profile  will  result  in  important  scaling  relationships  for  nose  erosion. 

Other  diagnostics  will  be  developed  for  this  phase  of  the  research 
program.  Faraday  cup6  and  scintillators  placed  near  the  drift  tube  wall  will 
be  used  to  observe  the  passage  of  the  beam  front,  which  expands  radially  as  a 
result  of  space-charge  repulsion.  Placement  of  these  detectors  at  several 
axial  positions  will  provide  the  beam-front  velocity  and  rate  of  charge  loss. 
X-ray  film  packets  placed  on  the  tube  walls  can  detect  the  position  of  the 
first  contact  by  the  beam. 

The  sum  of  these  diagnostics  will  produce  a  wealth  of  information  about 
beam  evolution  and  nose  erosion.  The  results  will  produce  insights  and  define 
initial  conditions  of  the  beam  that  will  allow  the  development  of  a 
comprehensive  model.  The  experimental  results  will  not  only  establish 
empirical  scaling  laws,  but  also  create  a  data  base  for  comparison  with 
theoretical  models. 

The  fourth  task  of  the  experimental  program  is  to  determine  whether  nose 
erosion  occurs  at  a  rate  that  makes  the  hose  instability  absolute  in  the 
beam-head  frame.  If  this  proves  to  be  true,  the  nose  of  the  pulse  will  be 
severely  distorted  and  propagation  may  be  impossible.  The  same  is  true  if  any 
of  the  other  resistive  instabilities  (eg.,  sausage  or  thin-shell  hollowing)  are 
found  to  be  absolute  in  the  frame  of  the  beam  head.  In  order  to  test  this 
possibility  in  the  case  of  the  hose  instability  the  beam  must  be  Injected  into 


air  at  a  pressure  above  that  of  Che  propagation  window.  This  will  allow  the 

beam  and  lonlzed-gas  channel  sysCem  to  be  unstable  to  hose  growth.  Several 

methods  could  be  used  to  Insure  a  growth  rate  that  is  slow  enough  to  permit 

detailed  Investigation  of  the  possible  coupling  of  erosion  to  the  hose.  These 

Include  the  application  of  axial  magnetic  fields,  operation  at  pressures  only 

slightly  above  the  threshold  for  growth,  and  the  use  of  6mall  diameter 

conducting  drift  tubes.  The  use  of  axial  magnetic  fields  is  undesirable 

because  it  modifies  the  beam  distribution,  makes  for  difficulties  in  beta 

spectrometry ,  and  is  expensive.  A  combination  of  the  latter  two  possibilities 

appears  to  be  the  most  promising  method  for  these  experiments.  By  varying  tthe 

diameter  of  a  conducting  drift  tube  the  hose  growth  can  be  controlled  by  wall 
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stabilization.  This  stabilization  occurs  because  some  of  the  return  current 
is  carried  in  the  conductor  rather  than  in  the  current  channel.  The  current 
carried  by  the  return  conductor  provides  an  in-phase  restoring  force  on  the 
beam  displacement  perturbations  because  of  the  high  conductivity  of  the  drift 
tube  wall. 

Using  the  diagnostic  techniques  alrt  1y  described,  the  evolution  of  the 
distribution  of  the  hose-unstable  beam  will  be  detailed.  Measurements  will 
quantify  the  hose  growth  as  a  function  of  net  current,  beam  kinetic  energy,  gas 
pressure,  and  beam  equilibrium  radius.  Any  pressure  related  changes  in 
coupling  of  erosion  to  instability  will  be  observed.  Differences  in 
instability  growth  rates  in  the  head  of  the  beam  and  in  the  beam  body  will  be 
observed.  Finally,  if  the  hose  instability  is  indeed  convective  over  the  body 
of  the  pulse,  the  convection  rate  can  be  measured. 


D.  Theoretical  Support 

Using  the  information  obtained  from  reduction  of  experimental  data  an 
analysis  will  be  made  of  the  beam-nose  erosion  and  hose  instability  growth.  A 
modification  of  the  linear-stability  code  GRADR  will  be  used  for  investigation 
of  the  hose  instability.  GRADR  will  be  uBed  to  predict  the  hose  growth  and 
convection  rates  in  the  beam  body,  based  on  experimentally  determined  beam 
parameters  and  beam  current  profiles.  At  first,  this  interaction  between 
experiment  and  theory  will  serve  to  guide  the  experiment  and  subsequently  will 
provide  validation  of  the  code  in  predicting  instability  behaviour  at  higher 
energies . 

The  nonlinear  nature  of  nose  erosion  and  instability  growth  at  the  bean 
head,  on  the  other  hand,  necessitates  nonlinear  analysis.  The  beam  simulation 
code  CCUBE  will  be  used  to  model  these  phenomena  for  comparison  with 
experiment.  This  two-dimensional,  relativistic,  electromagnetic, 

particle-in-cell  code  is  capable  of  running  in  any  orthogonal  coordinate 
system,  and  follows  all  components  of  particle  velocity  and  electromagnetic 
fields.  Solving  the  Maxwell  equations  doe6  not  involve  inversion  of  the 
Poisson  equation,  a  significant  advantage  in  treating  the  conducting  channel. 
The  CCUBE  particle  transport  algorithm  is  well  suited  to  particle  motion  in 
large  magnetic  fields. 

CCUBE  will  be  used  to  investigate  the  physics  of  the  nose-coupled  hose 
instability,  including  the  Influences  of  nose  blowoff,  ohmic  energy  losses, 
beam  hollowing  (if  any),  conductivity  generation,  and  return  currents  by  direct 
self-conslstant  numerical  lnegration  of  the  Maxwell  equations  and  the  single 
particle  relativistic  equations  of  motion.  This  code  will  not  be  used  in  a 
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parameter  search  node,  but  rather  as  a  tool  to  provide  understanding  of  the 
Interrelations  of  factors  Influencing  hose  and  thln-shell  hollowing  growth  In 
the  beam  nose  In  order  to  guide  formulation  of  appropriate  nose-coupled 
Instability  models  based  on  experimental  data.  CCUBE  will  be  particularly 
helpful  In  assessing  the  causes  of  unexpected  experimental  results  and 
suggesting  modifications  to  the  experiments  when  a  more  detailed  diagnosis  of 
parameters  is  necessary. 

Only  minor  modifications  are  required  for  CCUBE  to  simulate  pinched-beam 
propagation.  These  Include  a  moving  grid  option,  a  conductivity  generation 
routine,  and  an  Implicit  field  solver.  A  moving  grid  option  permits  following 
the  beam  nose  over  longer  distances.  Thus,  It  has  the  effect  of  a  retarded 
time  option,  but  it  16  more  flexible  because  the  grid  velocity  can  be  changed 
as  a  function  of  time.  Conductivity  can  be  treated  in  a6  simple  or  as  complex 
a  fashion  as  desired,  and  several  options  can  be  Implemented.  An  Implicit 
field  solver  is  needed  because  air  conductivity  varies  over  many  orders  of 
magnitude  in  the  beam  nose,  from  essentially  rero  ahead  of  the  beam  to  values 
well  above  the  characteristic  frequencies  of  the  beam  several  cm  into  the 
pulse.  Appropriate  algorithms  have  been  developed  that  will  allow  complete 
electromagnetic  treatment  of  the  beam  fields.  None  of  these  modifications  are 
particularly  difficult  to  Implement. 


E.  Statement  of  Work. 


The  following  tasks  will  be  performed  In  the  first  year  of  the  research  In 
order  to  resolve  critical  issues  of  Intense  relativistic  electron  bean 
propagation. 

Task  1.  Determine  the  pressure  window  for  stable  beam  propagation  on  the 
FX-100  machine. 

Task  2.  Measure  the  beam  distribution  at  injection  and  its  evolution  to 
an  equilibrium  profile  under  the  influence  of  collisions  in  the  stable 
propagation  regime.  Develop  suitable  diagnostic  equipment  as  required. 

Task  3.  Perform  analytical  and  computational  studies  necessary  for 
guidance  of  the  experiments  and  interpretation  of  experimental  results. 

The  following  tasks  relating  to  nose  erosion  and  the  hose  instability  will 
be  carried  out  in  the  second  year  of  the  research  effort. 

Task  4.  Measure  the  beam  erosion  rate  in  the  stable  mode  of  propagation. 

Task  5.  Measure  coupling  of  beam-nose  erosion  with  hose  instability 
growth  for  propagation  in  the  unstable  pressure  region.  Determine  whether  nose 
erosion  renders  the  hose  instability  absolute  or  convective. 


Task  6.  Perform  analytical  and  computational  studies  necessary  for 
guidance  of  the  experiments  and  interpretation  of  experimental  results. 
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II.  STATUS  OF  THE  RESEARCH 


A.  Introduction 

Initial  measurements  of  the  hose-stable  propagation  pressure  window  and 
the  beam  current  density  distribution  have  been  made  using  the  beam  produced  by 
the  FX-100  accelerator  (1.5  MeV,  40  kA,  and  120-ns  pulsewidth).  Many  of  the 
diagnostics  for  these  measurements  were  developed  using  the  beam  from  the  FX-25 
accelerator  (1.5  MeV,  23  kA,  and  20-ns  pulsewidth). 

The  FX-100  was  decommissioned  in  August  1981,  and  the  propagation 
experiments  will  continue  using  the  beam  from  an  accelerator  (VISHNU)  presently 
under  construction  for  this  purpose.  The  VISHNU  beam  is  designed  to  have  the 
same  kinetic  energy  and  current  as  the  FX-100  beam  (-1,5  MeV  and  ~40  kA) ,  but 
with  a  much  shorter  pulsewidth  (~26  ns).  Therefore,  the  transition  to  VISHNU 
should  not  involve  a  lengthy  delay  In  the  program,  because  we  will  be  able  to 
establish  the  propagation  pressure  window  and  current  distribution  evolution 
based  on  our  experience  with  the  FX-100  beam. 

We  present  here  a  brief  account  of  the  experiments  performed  and  results 
obtained  in  the  first  year  of  this  research.  Following  this  we  give  the 
particulars  of  the  FX-100  experiments  and  results,  and  the  technical 
specification  of  the  VISHNU  accelerator.  Details  of  the  FX-25  experiments  are 
to  be  found  in  App.  A. 


1.  FX-25  Experiments 

In  February,  1981  the  AFWL  FX-25  was  made  available  to  us  for  the 
development  of  diagnostics  and  exploratory  propagation  experiments.  The 
diagnostic  effort  focused  on  the  development  of  arrays  of  subminiature  charge 
collectors  for  measurements  of  the  beam  spatial  distribution.  We  performed 
low-pressure  experiments  to  investigate  the  propagation  window  using  a  new 
diode  designed  to  launch  the  beam  with  initial  conditions  much  closer  to  the 
expected  low-pressure  equilibrium  than  in  previous  experiments.  Finally, 
experiments  were  performed  to  investigate  the  effect  on  the  hose  instability  in 
full-density  air  of  using  a  low-pressure  beam  preparation  cell. 

The  low-pressure  propagation  experiments  were  performed  in  a  5-cra 
diameter,  3-m  long  conducting  drift  tube.  Most  FX-25  propagation  experiments 
in  the  pa6t  have  used  diodes  that  generated  a  hollow,  non-equilibrium  beam  that 
violently  pinched  immediately  after  injection.  We  used  a  graphite 
Rogowski-surface  cathode  and  25-um  titanium-foil  anode  that  produced  a 
centrally  concentrated  beam  with  a  1.7-cm  e-folding  radius  in  order  to  avoid 
shock  excitation  of  large  amplitude  waves  by  injection  of  a  pathological 
current  distribution.  At  the  1.6-Torr  air  pressure  for  maximum  energy 
transport  the  beam  evolved  to  a  Bennett-like  beam  profile  with  a  Bennett  radius 
a~0.5  cm.  Time  resolved  measurements  with  the  Faraday  cup  array  showed  that 
energy  transport  was  limited  by  erosion  of  the  beam  nose  at  lower  pressures, 
and  by  loss  of  the  beam  tall  at  higher  pressures. 

In  order  to  test  the  possibility  of  stabilizing  the  hose  in  full  density 
air,  the  beam  was  extracted  through  a  25-wm  Kapton  foil  at  the  end  of  the  drift 
tube.  The  rational  for  these  experiments  with  a  beam  conditioning  cell  is  as 


W 


C 


follows.  The  resltlve  hose  lnscablllty  on  a  self  pinched  bean  Is  the  result  of 
the  negative  energy  mode  associated  with  the  betatron  wave.  Although  the 
betatron  wavelength  for  electrons  with  different  turning  radii  is  different, 
the  growth  of  the  instability  can  often  be  associated  with  a  betatron 
wavelength  characteristic  of  the  bean  envelope.  For  a  Bennett  pinch  the 
characteristic  betatron  wavelength  is  Xg  ~  2*a(IA/2In)*^,  where  'a'  is  the 
Bennett  radius,  1A  »  ygmc^/e  ■  17yB  (kA)  is  the  Alfven  limiting  current,  and  ln 
is  the  net  current  that  generates  the  pinch  magnetic  fields.  Prior  to  these 
experiments,  all  high  intensity  beams  extracted  directly  into  full-density  air 
were  observed  to  become  hose  unstable  within  less  than  Xg.  In  most,  if  not 
all,  of  these  prior  experiments  the  injection  conditions  were  not  an 
equilibrium  for  the  full-density  air,  which  resulted  in  the  excitation  of  a 
large  amplitude  betatron  wave  at  injection  as  the  beam  rapidly  readjusted  to  a 
new  equilibrium.  Using  a  long  conditioning  cell  can  avoid  this  by 
establishing,  at  low  pressure,  an  equilibrium  close  to  that  expected  in  full 
density  air  while  the  beam  is  wall-stabilized  by  the  drift  tube.  If  the  tube 
is  long  compared  with  Xg,  then  coherent  waves  excited  at  injection  into  the 
cell  will  have  a  chance  to  damp  by  phase  mixing  before  injection  into  air.  If 
the  transition  to  air  is  made  ln  a  way  that  does  not  involve  a  significant 
change  ln  Xg,  then  it  may  be  possible  to  avoid  excitation  of  the  large 
amplitude  waves  and  subsequent  hose  Instability.  Consideration  of  the 
parameters  defining  the  betatron  wave  length  suggests  that  another  aid  ln 
stabilization  of  resistive  Instabilities  would  be  to  minimize  the  net  current. 
This  might  be  accomplished  by  sharpening  the  beam  pulse  and  relying  on  the 
Increase  ln  induction  fields  to  rapidly  break  down  the  air  to  increase  the 
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conductivity  and  thereby  reduce  the  return  current.  This  suggests  using 
conditioning-cell  pressures  below  the  propagation  window,  where  pulse 
sharpening  by  nose  erosion  Is  significant. 

We  performed  the  experiments  using  only  a  minimal  set  of  diagnostics 
including  net  current  measurements  (in  the  cell  and  outside)  and  open-shutter 
pictures  to  observe  the  full-density  hose  instability.  We  varied  the  cell  air 
pressure  from  above  the  1.6  Torr  pressure  for  maximum  energy  transport  to  well 
below  this  value.  A  marked  stabilization  of  the  hose  was  observed  at 
drift-tube  pressures  below  1  Torr.  This  appeared  to  be  a  threshold  effect  in 
the  sense  that  there  was  a  very  narrow  range  of  pressures  (0.7-0. 8  Torr)  below 
which  the  beam  was  markedly  more  stable.  The  full-density  propagation  was 
limited  to  less  than  ~6  betatron  wavelengths  by  the  presence  of  a  shield  wall. 
Whether  the  stabilization  resulted  from  pulse-sharpening  in  the  drift  tube, 
profile  broadening  at  the  lower  pressure,  or  equilibration  and  betatron  phase 
mixing  is  unclear  at  this  time.  However,  the  fact  that  there  was  no  threshold 
in  the  pulse  sharpening  in  the  drift  tube  that  corresponded  to  the  observed 
threshold  for  full-density  hose  stabilization  is  suggestive  that,  although 
pulse  sharpening  and  the  Increased  return  current  fraction  that  results  from 
the  enhanced  conductivity  can  be  contributory,  it  is  not  the  major  effect.  Net 
current  measurements  were  Inconclusive,  but  they  were  suggestive  that  there  was 
no  large  disparity  between  internal  and  external  net  currents  when  the  beam  was 
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2.  FX-100  Experiments 


Propagation  experiments  with  the  FX-100  accelerator  commenced  in  April, 
1981  after  extensive  repairs  and  modifications.  These  experiments  continued 
into  August,  when  the  FX-100  was  decommissioned  and  removed  in  order  to  provide 
space  for  the  development  of  the  first  RADLAC  II  module.  Low-pressure 
air-propagation  experiments  were  performed  to  delineate  the  propagation  window 
and  to  measure  the  beam-current  distribution  in  the  hose-stable  propagation 
regime. 

A  graphite  Rogowski-surface  cathode  produced  a  beam  that  was  injected  into 
the  20-cm  diameter  conducting  drift  tube  through  a  25-um  titanium-foil  anode. 
The  injected  beam  had  a  3-cm  Bennett  radius.  As  in  our  FX-25  experiments  the 
propagation  window  was  defined  by  beam-nose  erosion  at  low  pressures  and  by 
loss  of  the  beam  tail  at  high  pressures,  observed  now  with  6treak  photography 
so  well  as  with  Faraday  cups.  Maximum  energy  transport  through  5  meters  of 
drift  tube  occurred  at  0.5-Torr  pressure.  Near  this  peak  in  the  window  we 
discovered  that  much  of  the  current  was  frequently  carried  in  an  annular  "halo" 
that  apparently  developed  as  the  result  of  a  hollowing  instability  with  an 
onset  late  in  the  beam  pulse. 

Measurements  of  light  emitted  by  the  beam  excited  and  ionized  air  showed 
the  presence  of  singly-ionized  atomic  nitrogen  near  the  axis,  at  radii  much 
less  than  the  beam  Bennett  radius,  in  the  pressure  range  characterized  by  the 
hollowing  instability.  This  may  be  indicative  of  a  hotter,  more  highly  ionized 
(and,  therefore,  more  conductive)  gsB  near  the  axis.  This  condition  is 
theoretically  conducive  to  the  development  of  a  hollowing  instability. 
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The  appearance  of  the  hollowing  Instability  in  the  pressure  regime  where 
avalanching  provides  an  important  contribution  to  the  conductivity,  and  where 
the  beam  was  observed  to  to  be  highly  current  neutralized,  is  in  qualitative 
agreement  with  theory  and  simulation.  The  long  delay  before  onset  i6  not  yet 
fully  understood,  but  may  result  from  the  time  delay  to  form  a  peaked 
conductivity  profile,  an  Imperfect  chemistry  model  in  the  codes  that  predict 
rapid  onset,  a  pathological  change  in  diode  characteristics,  or  some 
combination  of  these. 

3.  Theoretical  Support 

Throughout  the  course  of  the  experiments  theoretical  and  computational 
support  in  the  design  of  diagnostics  and  the  interpretation  of  the  data  was 
provided  by  several  MRC  theorists.  The  details  of  these  studies  are  to  be 
found  in  Appendices  E,  F,  and  I  in  particular.  In  addition,  particle 
simulations  with  the  MRC  codes  KMRAD  and  CPROP  provided  major  insights  into  the 
physics  of  the  beam-nose  erosion  and  instabilities  observed  in  the  FX-100 
experiments . 

The  beam  propagation  simulation  code  CPROP  showed  large  return  currents 
(~80Z)  when  avalanching  was  included  in  the  conductivity  model.  In  the 
experiments  the  return  current  fraction  was  80-90Z  in  the  propagation  window. 
At  pressures  greater  than  ~0.5  Torr,  avalanching  causes  the  conductivity  to 
concentrate  on  axis,  which  can  drive  a  beam  hollowing  instability.  The  erosion 
of  the  beam  seen  in  the  simulations  was  not  inconsistent  with  the  observations. 
The  linearized  simulation  code  KMRAD  was  used  to  search  for  m-0  instabilities 
euch  as  observed  experimentally.  A  short-transverse  wavelength  instability  was 


instability  was  observed  even  with  an  unpeaked  conductivity  profile.  This  mode 
had  a  group  velocity  much  less  than  the  beam  velocity  and  may  be  the  source  of 
the  fine  structure  seen  experimentally.  The  details  of  these  studies  may  be 
found  in  Appendix  G. 

B.  Technical  Details 

1.  FX-100  Accelerator 

The  FX-100  accelerator  was  a  gas-insulated  coaxial  transmission  line  that 
was  DC  charged  with  a  Van  de  Graaff  belt-charging  system,  and  then  was 
discharged  into  the  field-emission  diode  with  a  single  output  switch.  The 
insulating  gas  was  10%  SF^  in  nitrogen,  which  was  pressurized  to  -200  psi  in 
order  to  provide  the  required  insulation  strength.  The  energy  storage 
transmission  line  impedance  was  43  8,  and  it  had  a  34  ns  one-way  electrical 
transit  time.  The  triggered  gas  output  switch  was  followed  by  a  4.2-ns  long, 
233-8  stacked-ring  envelope  and  a  3.8-ns  long,  160-8  vacuum  transmission  line. 
The  last  stage  of  the  vacuum  line  consisted  of  a  short  (~I  ns)  length  with 
lower  impedance  (-80-8)  to  reduce  shank  emission  losses.  This  final  section  of 
vacuum  coax  was  terminated  with  the  55-8  field-emitting  diode  consisting  of  a 
graphite  cathode  and  titanium  foil  anode  through  which  the  electron  beam  was 
injected  into  the  low-pressure  propagation  chamber  (Fig.  1). 

The  high-impedance  envelope  and  vacuum  transmission  line  of  the  FX-100 
dominated  the  output  impedance  regardless  of  the  diode  impedance,  and  produced 
a  diode  current  waveform  with  oscillations  at  a  frequency  characteristic  of  the 
~70-n8  down-and-back  time  of  the  charged  energy-storage  transmission  line 


vicuum  transmission  line;  (3)  160-  vacuum  transmission  line;  (4)  Diode  vacuum  guage; 

S)  2-rrr  resistive  shunt  diode  current  monitor;  (6)  Rogowski  belt  diode  current  monitor; 

7)  Capacitive  voltage  monitor  (behind  vacuum  tee);  (8)  Two  sections  of  propagation  exper- 
ment.  low-pressure  drift  tube;  (9)  Propagation  experiment  gas  manifold;  (10)  Diode 
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(Fig.  2).  The  transmission- line  stored  energy  was  eventually  extracted  from 
the  diode  in  a  pulse  with  ~120  ns  width.  Although  it  can  be  argued  that  this 
output  pulseshape  was  not  ideal  for  propagation  experiments  there  was 
insufficient  time  to  allow  for  the  rather  substantial  (but  straightforward) 
modifications  to  the  FX-100  that  would  have  resulted  in  a  more  closely  matched 
output . 

Indeed,  a  considerable  effort  was  expended  to  bring  the  FX-100  up  to  a 
performance  level  suitable  for  these  experiments.  A  series  of  high-voltage 
insulation  failures  in  the  Van  de  Graaff  charge-belt  insulator  stack  late  in 
calender  1980  resulted  in  the  incapability  of  charging  the  intermediate  coax  to 
the  required  operating  voltage.  During  the  lengthy  repair  of  the  damage 
resulting  from  these  failures  we  Implemented  a  simple  modification  to  the 
Insulator  protection  spark  gaps  that  prevented  a  recurrence  of  this  failure 
mode  during  the  course  of  the  propagation  experiments. 

An  additional  technical  problem  was  the  output-switch  trigger  system.  It 
was  not  sufficiently  reliable  for  the  required  reproducibility  of  beam 
parameters.  We  corrected  the  trigger  problem  by  designing  and  installing  a 
pneumatically  operated  field-distortion  trigger  pin.  The  trigger-pin  actuating 
unit  is  shown  in  Fig.  3,  and  Fig.  U  shows  the  trigger  as  installed  in  the 
gas-insulated  output  switch.  This  trigger  pin  was  designed  to  be  actuated  by 
the  pressure  differential  between  two  dielectric  gas  lines  run  to  the  exterior 
of  the  FX-100  tank.  This  design  avoids  a  high-voltage  discharge  through  the 
dielectric  linee  by  maintaining  the  dry-nitrogen  working-gas  pressure  at 
greater  than  the  ~200-psi  tank  pressure.  Thi6  unit  provided  reliable 
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Figure  2.  FX-100  diode  voltage  and  current.  The  gas-insulated  coax  was  charged 

to  4.2  MV  in  order  to  produce  this  output.  This  charge  voltage 
remained  unchanged  during  the  course  of  the  propagation  experiments. 


ided ) ;  (2)  Mounting  flange;  (3)  Double-throw  pneumatic  cylin 

gen  gas  lines.  Trigger  pin  is  retracted  by  maintaining  pre 

pressure  N2  lines.  Reversing  the  differential  extends  the 
le  gap  and  initiates  the  gap  spark.  Maintaining  N2  pressure 
.  tho  tanlc  nro<;<;t)rp  nrevents  hrpaVrinwn  in  thp  lines. 


Figure  4.  Pneumatic  trigger  installed  on  FX-100.  (1)  Trigger  pin  (partially 

extended),  (2)  Mounting  flange;  (3)  Output  switch  end  of  coaxial 
energy-storage  transmission  line. 


triggering  of  the  output  switch  and  highly  reproducible  voltage  and  current 
pulses  for  the  remainder  of  the  operational  lifetime  of  the  FX-100. 

The  FX-100  was  decommissioned  in  mid-August,  1981  in  order  to  provide 
space  for  the  development  of  the  RADLAC  accelerator.  During  the  ~4-month 
period  that  it  was  available  after  making  the  aforementioned  repairs  and 
modifications  we  fired  over  500  shots  in  the  execution  of  the  low-pressure  air 
propagation  experiments. 

2.  Field-Emission  Diode 

We  designed  the  diode  used  in  the  FX-100  propagation  experiments  to 
produce  an  electron  beam  with  a  radial  current  distribution  close  to  that 
expected  for  a  propagating  beam  equilibrium.  That  is,  the  desired  current 
distribution  was  a  Bennett  pinch,  which  would  have  a  current  density 
J(O“j(0)  [  1  +  r^/a^]-^,  where  'a'  is  the  Bennett  radius.  In  order  to  achieve  a 
distribution  that  closely  approximated  this  ideal  we  used  a  smoothly-polished 
graphite  cathode  that  had  a  surface  shape  congruent  to  one  of  the  static  vacuum 
equipotential  surfaces  of  a  charged  disk.  Such  a  Rogowski  surface  has  little 
static  field  enhancement  resulting  from  charge  concentration.  This 
electrostatic  solution  is  obviously  not  self-consistent  in  the  presence  of 
space-charge  and  magnetic  fields  of  the  intense  beam  produced.  However, 
experience  has  shown  that  the  field-emission  from  a  smooth  Rogowski  surface  can 
be  readily  controlled  by  selectively  roughening  small  areas  in  order  to  provide 
microscopic  field  enhancement  early  in  the  voltage  pulse. 


By  roughening  a  small  circular  region  in  the  center  of  our  FX-100  cathode 
(shown  in  Fig.  5)  we  were  able  to  produce  Bennett- like  extracted  current 
distributions  as  illustrated  by  Fig.  6  and  Fig.  7.  Figure  6  shows  the  diode 
geometry  and  the  current  distribution  measured  1.3-cm  from  the  titanium  foil 
anode  at  the  time  of  maximum  diode  current.  From  this  figure  it  is  clear  that 
the  beam-electron  scatter  resulting  from  the  foil  can  provide  an  additional 
means  for  increasing  the  Bennett  radius,  if  so  desired.  Because  we  wanted  the 
smallest  possible  beam  radius  we  used  the  thinnest  foils  that  survived  the  beam 
(25-um)  in  all  of  the  propagation  experiments.  With  these  anodes  the  Bennett 
radius  of  the  extracted  beam  was  ~3  cm  (Fig.  6). 

From  Fig.  7,  which  shows  the  temporal  and  spatial  evolution  of  the  bean 
current  profile,  it  16  evident  that  the  beam  produced  by  our  diode  had  a 
Bennett-like  radial  distribution  during  most  of  the  beam  pulse.  It  is  also 
clear  that  there  was  very  little  evidence  of  shank  emission  current  at  large 
radii,  except  possibly  at  very  early  and  very  late  times. 

3.  Low-Pressure  Propagation  Chamber 


The  low-pressure  air  propagation  experiments  were  performed  with  the 
electron  beam  injected  directly  into  the  20-cm  diameter  stainless-steel 
propagation  chamber  through  the  25-um  titanium-foil  anode.  This  diameter  was 
initially  deemed  large  enough  to  Insure  that  wall  effects  would  not  dominate 
the  3-cm  radius  beam  propagation,  but  in  retrospect  it  appears  that  the  chamber 
should  have  been  larger.  The  propagation  chamber,  or  "drift  tube",  consisted 
of  many  individual  25-cm  long  segments  bolted  together  with  'O'-ring  sealed 


flanges.  Several  sections  of  the  drift  tube  are  shown  in  Fig.  1,  and  the 
maximum  available  length  of  assembled  drift  tube  (>  5  m)  is  shown  in  Fig.  8  and 
Fig.  9.  This  modular  design  afforded  a  great  amount  of  flexibility  in  the 
axial  location  of  diagnostics  for  the  propagation  experiments. 

The  air  pressure  in  the  propagation  chamber  was  controlled  with  a  pumping 
manifold  and  adjustable  leak  (Fig.  1),  and  was  monitored  with  a 
Granvi lie-philips  Pirani  guage  that  was  calibrated  with  an  oil  manometer.  The 
minimum  pressure  attainable  with  this  system  was  ~0.1  Torr,  which  was  low 
enough  to  cover  the  pressure  range  of  interest. 

Some  of  the  experiments  (eg . .multiple  exposure  spectroscopy)  required  high 
repetition  rate  firing  of  the  FX-100  (~3-5  minute  turn-around  per  shot).  For 
these  experiments  the  slow  leak  valve  was  positioned  at  the  extremity  of  the 
drift  tube  to  insure  adequate  mixing  and  flushing  of  possible  air-chemistry 
by-products  between  the  shots.  There  was  no  measurable  pressure  gradient  in 
the  tube  in  this  configuration. 

For  most  experiments  the  turn-around  time  was  sufficiently  long  that 
air-chemistry  by-products  could  mix  and  be  evacuated  even  with  the  leak  valve 
located  near  the  pumping  port.  In  any  event,  we  detected  no  effect  in  our  data 
that  could  be  traced  to  the  accumulation  of  chemistry  by-products. 

In  order  to  ascertain  the  significance  of  the  small  amount  of  water  vapour 
present  in  the  low-humidity  ambient  air  used  for  most  experiments,  a  limited 
number  of  experiments  were  performed  using  dried  air  and  pure  nitrogen.  Except 
that  the  red  oxygen  line  emission  was  not  observed  in  the  pure  N2  experiments 
there  was  no  discernable  effects  evident  in  the  measurements. 
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4.  Data  Acquisition 

Data  acquisition  for  the  propagation  experiments  was  originally  limited  by 
the  number  of  signal  cables  installed  between  the  screen  room  and  the 
experimental  area.  During  the  course  of  the  experiments  more  cables  were 
installed  until  eventually  it  was  possible  to  record  12  channels  of 
time-resolved  data,  at  which  point  we  exhausted  the  available  oscilloscopes. 
In  addition,  we  recorded  time-integrated  data,  such  as  calorimetric 
measurements  of  the  beam  energy  deposited  in  a  target  at  the  extremity  of  the 
drift  tube. 

All  time-resolved  data  was  recorded  using  Tektronix  7704  oscilloscopes 
with  7A11  preamplifiers.  The  bandwidth  of  this  preamp-oscilloscope  combination 
is  ~150  MHz,  which  limited  the  measurable  signal  risetimes  to  ~2.5  ns  in  the 
absence  of  signal-cable  dispersion. 

The  battery  of  oscilloscopes  was  triggered  with  a  signal  derived  from  the 
light  emitted  by  the  FX-100  gas  output  switch.  We  constructed  a  simple  system 
consisting  of  a  biased  EGG  SGD-040A  solid  state  photodiode  detector  that 
triggered  a  PATCO  PA-006  avalanche  transistor  pulse  generator.  This  compact, 
battery-powered  system  provided  a  high-level  (~300  V)  low-jitter  trigger  pulse 
with  a  fa6t  risetime.  Attenuation  of  this  6ignal  in  the  screen  room  to  a  level 
compatible  with  the  oscilloscopes  resulted  in  a  noisefree  and  reliable  trigger. 
The  delay  between  the  onset  of  light  emission  from  the  output  switch  and  the 
FX-100  electron  beam  was  sufficient  to  record  the  entire  beam  history  using 
50-ns /division  oscilloscope  sweep  speeds. 
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The  oscilloscope  trigger  signal  was  also  used  to  generate  a  timing 
fiducial  marker  in  the  screen  room,  which  consisted  of  the  differentiated  and 
clipped  output  of  a  triggered  delay  generator.  This  marker,  when  added  to  each 
data  signal  at  the  oscilloscope,  provided  an  accurate  means  for  comparing  data 
obtained  on  different  diagnostic  channels  after  accounting  for  the  different 
signal  cable  delays.  These  cable  delays  were  measured  to  an  accuracy  of  ~2  ns 
using  time-domain  ref lectometry  techniques. 

This  data  acquisition  system  allowed  a  resolution  and  comparison  of 
photographically  recorded  oscilloscope  traces  to  within  ~2-4  ns,  which  is 
comparable  to  the  limitation  on  the  signal  risetime  from  the  signal  cable 
dispersion  and  oscilloscope-preamplifier  bandwidths. 

5.  Diagnostics 

Diode  Vo ltage  and  Current  Monitors  Interpretation  of  the  experimental  data 
obtained  with  other  diagnostics  requires  accurate  and  precise  monitoring  of  the 
accelerating  diode  voltage  and  diode  current  during  the  course  of  the 
propagation  experiments.  The  diode  monitors  used  for  the  FX-100  low-pressure 
propagation  experiments  are  described  in  this  section. 

The  voltage  monitors  installed  on  the  FX-100  were  found  to  give 
irreproduclb  le  signals,  probably  because  of  electrical  noise  and  electron 
Impact  effects.  We  replaced  them  with  a  dielectric  protected  capacitive 
detector  that  gave  a  signal  proportional  to  the  rate  of  change  of  the  diode 
voltage  (V-dot  probe). *  This  probe  is  a  small  (~2-cm  diameter)  copper  disk 
positioned  just  Inside  of  the  outer  conductor  of  the  vacuum  transmission  line. 


It  is  completely  encapsulated  In  epoxy  to  avoid  problems  with  unwanted  signals 
resulting  from  low-energy  electrons  generated  by  UV  irradiation,  Compton 
currents,  etc. 

The  probe  capacitively  couples  to  the  transmission  line  voltage  and  can  be 
represented  by  the  equivalent  circuit  shown  in  Fig.  10. 

When  the  load  resistance  is  matched  to  the  signal  cable  impedance 
(R2  ■  ZQ)  the  output  signal,  V2(t),  is  related  to  the  transmission  line  voltage 
waveform,  Vj(t),  by  the  differential  equation: 

dV?  Vo  RoC,  dV, 

-sr  +  TZ-^rsr  •  (1) 


where  R  ■  Rj  +  R2  and  C  ■  Cj  +  C2.  Clearly  there  are  two  possible  modes  of 
operation  depending  on  the  value  of  RC.  If  RC  is  much  less  than  the  fastest 
rate  of  change  of  the  signal  (RC  «  t),  the  second  term  on  the  left  side  of 
Eq.  1  dominates,  and  the  output  signal,  Vj,  is  proportional  to  the  derivative 
of  the  transmission  line  waveform; 


v2  -  R2Cj 


dVi 

dt 


(2) 


This  is  referred  to  as  the  "V-dot"  mode  of  operation,  and  the  signal  requires 
further  integration  to  obtain  the  input  voltage  waveform,  Vj. 

On  the  other  hand,  if  RC  is  much  greater  than  the  longest  time  of 
interest,  the  first  term  on  the  left  side  of  Eq.  1  dominates,  and  the  probe 
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•cts  as  a  capacitive  voltage  divider**^  with  the  output  signal,  V2,  directly 
proportional  to  the  transmission  line  voltage,  V^; 


R2C1 

v2  ■  -41  vl 


(3) 


It  1 6  clear  that  a  large  series  resistor,  ,  or  additional  integrating 
capacitance,  C2,  would  be  required  for  the  voltage  division  mode  of  operation. 
Because  of  the  high  level  of  electromagnetic  noise  in  the  experimental  area, 
the  V-dot  mode  of  operation  was  chosen  instead  for  the  FX-100  probes.  In  this 
mode,  the  high  signal  level  was  transmitted  to  the  screen  room  and  integrated 
there  with  a  passive  integrator  having  RC  ~  2  us  with  the  result  that  unwanted 
electromagnetic  noise  picked  up  by  the  signal  cables  was  highly  attenuated.  In 
addition  to  this  inherent  noise  immunity  and  their  compact  construction, 
advantages  of  V-dot  capacitive  monitors  over  resistive  dividers  for  the  FX-100 
experiments  are  that  they  do  not  distort  the  fields  in  the  region  of 
measurements,  they  are  immune  to  surface  tracking  and  breakdown,  they  do  not 
shunt  the  load  with  a  lower  impedance,  and  they  require  no  balancing  of 
resistive  and  capacitive  elements  or  complicated  voltage-grading  structures. 

The  V-dot  probe  was  located  in  the  vacuum  transmission  line  within  ~0.5  m 
of  the  diode  anode-cathode  gap.  It  was  found  that  inductive  correction  for  the 
final  short  section  of  transmission  line  between  the  monitor  and  the  gap  was 
unnecessary  for  these  experiments.  This  V-dot  probe  provided  a  highly  reliable 
and  reproducible  monitor  of  the  diode  accelerating  voltage  on  each  shot. 
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We  monitored  the  diode  current  with  a  Rogowski  belt*»^  supplied  by  the 
AFWL.  Several  of  these  were  made  available  for  the  propagation  experiments. 
The  Rogowski  loop  in  these  current  monitors  was  embedded  in  an  annular  groove 
in  a  flange  that  could  be  inserted  at  any  point  in  the  drift  tube.  The  loop 
used  as  a  diode-current  monitor  was  positioned  on  the  section  of  drift  tube 
that  we  used  to  form  the  final  vacuum  transmission  line  segment.  That  is,  the 
current  was  monitored  in  the  vacuum  transmission  line  within  25-cm  of  the  diode 
anode-cathode  gap  (see  Fig.  1). 

Typical  FX-100  diode  current  and  voltage  waveforms  at  the  charging  voltage 
used  for  these  experiments  are  shown  in  Fig.  2. 

Inductive  Current  Shunts  One  of  our  primary  research  objectives  is  a  study  of 
the  beam-head  erosion  process,  which  can  lead  to  rapid  net-current  risetimes  in 
the  drift  tube.  For  these  measurements  we  designed  and  constructed  inductive 
shunt*  net-current  detectors  that  had  substantially  faster  response  times  than 
the  available  Rogowski  loops. 

The  inductive-shunt  current  monitors  consisted  of  epoxy-filled  annular 
channels  machined  in  an  aluminum  flange  that  was  inserted  between  two  sections 
of  the  drift  tube.  As  can  be  seen  in  Fig.  11,  the  return  current  flowing  on 
the  drift-tube  inner  surface  was  forced  to  flow  around  the  inside  surface  of 
the  annular  channel.  A  voltage  was  thus  induced  across  the  insulating  gap  by 
the  time-varying  magnetic  field  in  the  annular  channel,  In  the  limit  of 
time-scales  short  compared  with  the  magnetic  diffusion  time  into  the  aluminum 
shunt,  the  voltage  appearing  around  the  channel  is  purely  inductive  and  can  be 
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Figure  11.  Fast-risetime  Inductive-shunt  current  monitor  installed  between  two  section 
of  drift  tube  (1).  (2)  is  BNC  signal-output .  (3)  is  epoxy  filled  annular 

channel.  (4)  Is  polyethylene  insulating  gasket.  (5)  is  set  screw  to  pro¬ 
vide  electrical  contact  for  detector  pin.  (6)  are  'O'  ring  vacuum  seals. 
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detected  by  completing  a  flux  loop  as  shown  in  Fig.  11.  The  inductive 
component  of  the  voltage  that  appears  at  the  pick-up  point  i6  given  by; 


d 4>  yo  dl  fdrdz 

It  "  "  Hit  ]~T~ 


(4) 


Substituting  the  inductance,  L,  for  the  FX-100  shunt  geometry  into  this 
equation  gives 


V 


dl 

IF 


(5) 


where  rQ  is  the  outer  radius  of  the  channel,  r^  is  the  inner  radius,  and  w  is 
the  channel  depth  below  the  pickup  termination. 

An  advantage  of  this  type  of  current  monitor  is  that  it  provides  a  simple 
penetration  of  the  conducting  drift  tube  that  results  in  a  well-shielded 
coaxial  signal-transmission  geometry.  In  addition,  the  narrow  insulating  gap 
is  a  wave  guide  beyond  cutoff  for  low-frequency  modes  other  than  the  TEM  mode 
that  i s  excited  by  the  time-varying  axial  current,  and  thus  provides  shielding 
from  unwanted  electromagnetic  noise.  Furthermore,  although  a  single  voltage 
pickup  is  sufficient  for  an  azimuthally  symmetric  system  such  as  a  coaxial 
transmission  line,  asymmetric  current  channels  can  be  accurately  measured  by 
Bumming  the  signals  from  several  voltage  pick-ups  separated  by  equal  increments 
of  angle.  In  this  respect,  the  inductive-shunt  monitor  can  be  thought  of  as 
the  well-shielded  limit  of  a  Rogowski  belt^'^  current  monitor.  Finally,  the 


achievable  risetime  of  an  inductive-shunt  monitor  is  substantially  faster  than 


for  a  Rogovski  coil  because  Che  output  signals  are  summed  in  parallel  rather 
than  in  series,  thus  significantly  reducing  the  inductance  and  l/R  risetime. 

•'  For  the  FX-100  propagation  experiments  the  eight  output  signals  from  each 
shunt  were  summed  in  a  transformer  signal  adder  that  limited  the  had  the 
capability  for  summing  subnanosecond  signals.  These  net  current  monitors 
positioned  at  various  axial  positions  during  the  different  phases  of  the 
program.  They  provided  reliable,  low-noise  measurements  of  the  net  current  in 
the  drift  tube. 

Submlnlature  Faraday-Cup  Array  An  array  of  fast-response  Faraday  charge 
collectors  was  developed  to  measure  the  time-resolved  current  distribution. 
The  data  from  this  array  provided  a  picture  of  the  evolution  of  the  radial 
current  profile  at  a  particular  axial  location  without  relying  on  shot-to-shot 
reproducibility,  which  is  certain  to  be  poor  in  any  experiment  involving 
instabilities.  Each  detector  in  the  array  consisted  of  a  length  of  Uniform 
Tubes  Co.  UT-47  rigid  coaxial  transmission  line  that  was  embedded  in  a  massive 
graphite  block,  a6  shown  in  Fig.  1,  Appendix  A.  and  also  Fig.  1,  Appendix  E. 
The  initial  radial  spacing  of  the  detectors  was  chosen  to  be  1.25  cm.  However, 
our  early  discovery  of  significant  beam  current  carried  outside  of  the  Bennett 
radius  caused  us  to  modify  the  array  by  inceasing  the  detector  density  at  large 
radii.  The  collectors  were  shielded  from  the  ionized-gas  electrons  and 
low-energy  secondaries  by  a  thin  graphite  sheet  in  the  original  array  developed 
during  the  FX-25  experiments.  The  array  that  we  constructed  for  the  FX-100 
propagation  experiments  used  a  125-vim  thick  titanium  foil  plasma  shield  that 
was  insulated  from  the  collectors  with  25-vm  thick  Kapton  dielectric  foil.  Of 


•11  dielectric  materials  that  we  have  experimented  with,  Kapton  (a  polylmlde) 
exhibits  the  most  resistance  to  the  intense  beam  irradiation.  Although  we 
replaced  the  shielding  and  Insulating  foils  on  a  regular  basis  as  a  precaution, 
we  had  few  problems  with  insulator  breakdown  in  this  array. 

Electron  scattering  in  the  array  materials  results  in  an  energy-sensitive 
effective  collection  area.  The  reason  for  this  is  that  the  more  energetic 
electrons  have  a  higher  probability  of  scattering  into  the  collector  because  of 
their  greater  depth  of  penetration.  We  studied  thi6  effect  by  using  the  Monte 
Carlo  radiation  transport  code  CYLTRAN  to  obtain  the  energy  sensitivity  of  the 
effective  collection  area.  Details  of  this  study  are  reported  in  Appendix  E. 
The  energy  sensitivity  appears  to  be  modest  over  a  wide  range  of  energies 
around  the  peak  energy  of  the  FX-100  beam,  but  the  collection  area  for  these 
high-energy  electrons  is  significantly  (factor  of  ~2)  enhanced  over  the 
geometrical  area.  As  a  consequence,  such  a  detector  cannot  be  readily  adapted 
to  measurements  of  net  current  because  of  the  vastly  different  sensitivities  to 
beam  and  plasma  currents. 

The  developmental  experiments  using  the  FX-25  beam  demonstrated  that  the 
risetime  for  these  coaxial  collectors  driving  a  matched  and  properly  terminated 
signal  cable  was  limited  only  by  the  cable  dispersion  and  oscilloscopes.  In 
those  experiments  l-ns  risetimes  were  observed.  The  combination  of  the  high 
level  signal  generated  by  these  collectors  and  the  unbroken  coaxially-shielded 
construction  resulted  in  a  high  signs 1-to-nolse  ratio  on  the  oscillograms.  The 
Injected  current  distribution  shown  in  Fig.  2  was  obtained  with  this  array,  and 
many  examples  of  stable  and  hollowlng-mode  unstable  current  profiles  are 
Included  in  the  various  appendices. 
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Carbon  Calorimetry  The  graphite  block  containing  the  array  of  Faraday 
collectors  was  also  used  as  a  beam  calorimeter  by  measuring  Its  temperature 
rise  with  a  thermistor.  Because  carbon  calorimetry  integrates  over  time, 
space,  and  the  beam-energy  distribution.  It  is  impossible  to  distinguish 
beam-electron  energy  losses  from  loss  of  transported  charge  without 
simultaneous,  precise  measurements  of  beam  current.  The  carbon  calorimeter  is 
quite  simple  to  field  in  this  kind  of  experiment,  and  it  is  the  traditional 
diagnostic  for  definition  of  the  propagation  pressure  window.  Our  use  of  a 
thermistor  sensor  simplified  the  measurements.  The  thermistor  was  found  to  be 
insensitive  to  radiation,  and  when  calibrated,  it  was  found  to  have  a  linear 
response  over  the  restricted  temperature  range  of  this  application. 

Incorporation  of  the  charge-collector  array  into  the  calorimeter  b lock 
enabled  us  to  simultaneously  determine  the  beam  energy  transport  and  the 
temporal  evolution  of  the  radial  current  profile  at  any  given  axial  location. 
A  limited  number  of  measurements  were  made  with  the  calorimeter  in  vacuum,  and 
Isolated  from  the  ionized-gas  channel  by  a  titanium  foil.  The  results  of  these 
measurements  indicated  that  the  energy  deposited  on  the  calorimeter  from  the 
plasma  was  not  a  significant  fraction  of  the  beam  energy. 

These  calorimetric  measurements  of  beam  energy  transported  through  the 
drift  tube  filled  with  air  at  different  pressures  were  used  to  establish  the 
pressure  window  for  maximum  transport  shown  in  Fig.  15. 

Radlochromlc  Fol  1  Dosimetry  Blue  cellophane  is  one  of  the  most  widely  used 
radlochromlc  film  dosimeters. ^  Blue  cellophane  exposed  to  an  Intense  electron 
beam  such  as  generated  by  the  FX-100  exhibits  effects  ranging  from  bleaching  of 
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the  organic  dye  through  destruction  of  the  film.  Although  the  sandwich 
structure  of  the  film  to  some  extent  discriminates  against  bleaching  resulting 
from  low-energy  secondaries  and  plasma  electrons,  a  sufficiently  large 
low-energy  current  can  produce  misleading  damage  because  of  the  reduced 
electron  range.  A  means  of  separating  the  beam  and  plasma  channel  radial 
structures  by  comparing  bleaching  foil  records  with  X-ray  pinhole  camera 
pictures  of  the  beam  electron  bremsstrahlung  from  a  wire  mesh  was  suggested  in 
the  proposal  for  these  experiments.  We  chose  Instead  to  employ  a  more  simple 
method,  we  shielded  the  blue  cellophane  from  low-energy  electrons  with  thin 
metal  foils.  Typically,  we  used  25-ym  thick  titanium-foil  shields,  which  will 
stop  electrons  with  less  than  ~180-keV  kinetic  energy. 

Shielded  blue-cellophane  film  dosimeters  were  used  on  many  of  the 
low-pressure  propagation  shots  to  obtain  time-integrated  records  of  the  beam 
radial  profile  at  various  axial  locations  in  the  drift  tube.  An  example  of  the 
beam  profile  record  obtained  using  this  technique  is  shown  in  Fig.  18,  Appendix 
D. 

Thermo  luminescent  Dosimetry  Lithium  flouride  thermoluminescent  dosimeters 
(TLD6)  were  on  a  limited  number  of  shots  to  verify  the  beam  current  profiles 
measured  with  the  subminiature  Faraday  cup  array.  Exposure  of  an  array  of 
dosimeters  to  the  gamma  dose  produced  by  the  beam  striking  a  thick  target 
provided  a  more  quantitative  record  of  the  time-integrated  beam  profile  than 
that  produced  by  blue-cellophane  film  dosimetry  because  the  linear  response 
range  of  the  b lue -cellophane  film  was  almost  always  exceeded  for  the  high 
current  density  FX-100  beam. 
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Open  Shutter  Photography  Time-Integrated  open-shutter  photographs  of  the  beam 
and  ionized-channe 1  excited  air  emission  were  obtained  at  viewing  ports  located 
at  axial  positions  close  to  the  diode  (shown  in  Fig.  12)  and  4.5-m  from  the 
diode.  The  symmetry  properties  of  the  drift  tube  were  not  disrupted  by  the 
ports  because  a  return-current  carrying  screen  was  incorporated  in  each.  The 
exposures  with  these  cameras  were  recorded  with  Polaroid  Type  58  (ASA  75  speed) 
color  film. 

Because  of  the  overexposure  resulting  from  weak,  but  persistant,  light, 
and  the  time-integration  of  motion  of  the  beam  or  channel  or  both,  open-shutter 
photography  must  be  thought  of  as  an  easily-fielded  "early  warning"  diagnostic 
to  identify  effects  that  require  further,  more  careful,  spectral  or  temporal 
resolution.  A  discussion  of  many  of  the  issues  involved  in  interpretation  of 
the  data  obtained  in  this  experiment  with  optical  emission  diagnostics  is 
contained  in  Appendix  I. 

A  point  not  covered  in  that  appendix  is  the  following.  As  shown  in  the 
appendix,  the  excitation  of  the  upper  level  of  the  radiative  transitions  by  the 
low-energy  plasma  electrons  is  ~(kTe)*^(l  +  kTg/E0)  exp  (-kTg/E0),  where  Tg  is 
the  temperature  of  the  cold  electrons,  and  EQ  is  the  threshold  of  the 
excitation  cross-section,  EQ  >>  kTg.  The  radiation  is,  therefore,  very 
sensitive  to  the  population  of  the  high-energy  tail  of  the  electron 
distribution.  It  is  well  known  that  high  electric  fields  can  significantly 
distort  the  tail  of  the  distribution.  For  example,  a  modest  E/p  of  about 
100  V/cm/Torr  can  increase  the  effective  temperature  of  the  tail  of  the 
distribution  by  a  factor  of  5  or  more.  As  a  consequence,  the  visible  emission 
can  be  vastly  different  from  regions  having  the  same  gas  temperature  and  plasma 
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electron  density,  but  having  different  widely  disparing  values  of  E/p.  This 
may  be  the  cause  of  some  of  the  more  spectacular  effects  seen  in  both 
open-shutter  and  time-resolved  photographs. 

Examples  of  FX-100  open  shutter  photographs  are  shown  in  Fig.  19  and 
Fig.  24. 

Fast  Time-Re so lved  Photography  An  Imacon  790  image-converter  camera  on  loan 
from  Los  Alamos  National  Laboratory  was  used  to  obtain  streak  and  framing 
photographs  of  the  emission  from  the  beam  and  plasma  channel.  These 
observations  were  made  through  the  same  port  at  4.5  m  that  was  used  for 

open-shutter  photography  on  other  shots.  In  order  to  record  the  head  of  the 
beam  it  was  necessary  to  delay  the  light  by  folding  the  optical  path  and 

locating  the  Imacon  camera  next  to  the  FX-100  output  switch.  The  camera 
trigger  was  derived  directly  from  the  light  from  the  FX-100  switch.  This 
arrangement,  shown  in  Fig.  13,  provided  sufficient  delay  of  the  beam  light  that 

the  internal  triggering  delay  of  camera  did  not  prevent  recording  the  beam 

head.  A  1200-mm  Questar  collection  lens  at  the  camera  provided  adequate 
magnification  and  light  intensity  that  intermediate  relay  lenses  were 
unnecessary.  Streak  photographs  obtained  with  this  system  are  shown  in  Fig.  17 
and  Fig.  18,  and  a  framing  sequence  is  shown  in  Fig.  23. 

Spectroscopy  Time-integrated  spectra  were  obtained  at  a  single  pressure  (0.35 
Torr)  using  as  a  dispersing  instrument  a  Jarell-Ash  1/2-m  Fastie-Ebert 
spectrometer  supplied  by  the  AFWL.  The  grating  used  had  1200  grooves/mm  and 
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Figure  13. 


Time-resolved  photography  experimental  arrangement.  (!)  FX- 100 
tank;  (2)  Beam  viewing  port  and  first  turning  mirror  (final  mirror 
is  out  of  view);  (3)  Drift  tube;  (4)  Questar  1200-mm  f.l.  optics; 
(5)  Imacon  790  image  converter  camera. 


was  blazed  at  5500  A.  A  color-corrected  85-mm  camera  lens  was  used  to  Image 
the  beam  channel  on  the  Input  slit  in  order  to  provide  spatial  resolution  of 


the  emitted  light.  All  spectra  were  obtained  at  the  4.5-m  port  position.  The 
port  material  was  acrylic,  which  limited  the  spectra  to  the  wavelength  range 
above  ~3500  A,  although  it  is  doubtful  if  the  Polaroid  Type  57  (ASA  3000  speed) 
film  that  we  used  would  have  had  adequate  sensitivity  below  this  cutoff.  An 
example  of  a  densitometer  scan  of  a  spatially  resolved,  time-integrated 
spectrum  obtained  with  this  system  is  shown  in  Fig.  20. 


6.  Propagation  Experiments 

The  FX-100  low-pressure  air  propagation  experiments  were  performed  in 
several  different  experimental  runs,  each  with  the  specific  diagnostics  needed 
to  address  a  limited  set  of  particular  issues.  This  strategy  were  necessary 
because  of  the  limited  number  of  data  channels  that  were  available  for  our  use. 
Furthermore,  the  impending  demise  of  the  FX-100  generator  was  always  foremost 
in  our  thinking,  and  in  many  cases  we  hurried  though  an  experimental  run  more 
rapidly  than  we  would  have  liked,  in  order  that  we  could  complete  all  the 
baseline  measurements  before  the  accelerator  was  decomissioned . 

Our  first  set  of  experimental  run6  was  designed  to  delineate  the 
stable-propagation  pressure  window  with  carbon  calorimetry,  while  at  the  sane 
time  accumulating  measurements  of  the  spatial  current  distribution  with  the 
charge-collector  array.  Other  diagnostics  fielded  to  provide  corroboration  of 
the  current  distribution  Included  radiochromic-f i lm  dosimetry,  TLD  arrays,  and 
openshutter  photography.  Because  of  our  discovery  of  the  unexpected  "halo"  of 
current  surrounding  the  central  beam,  we  devoted  a  number  of  shots  to  extensive 


53 


Investigations  into  its  cause.  These  included  the  u6e  of  a  series  of  carbon 
collimators  at  the  anode  foil  in  order  to  eliminate  the  possibility  that  shank 
emission  in  the  diode  was  causing  the  halo  current.  It  was  not. 

Because  the  propagation  pressure  window  is  also  delineated  by  a  minimum  in 
the  net  current, ^  we  devoted  a  limited  number  of  shots  to  measurements  of  net 
and  beam  currents  at  various  axial  positions.  The  importance  of  the  channel 
conductivity  and  the  possibility  of  using  visible  light  emitted  to  obtain 
information  about  this  parameter  led  us  to  design  an  extensive  series  of  runs 
devoted  to  optical  diagnostics,  for  example,  spectroscopy  and  time-resolved 
streak  and  framing  photography.  Finally,  a  limited  test  of  a  compact  magnetic 
beta-spectrometer  designed  and  constructed  at  Los  Alamos  Scientific  Laboratory 
wa6  made  in  order  to  test  the  feasibility  of  using  this  design  in  the  second 
year  low-pressure  propagation  experiments. 

The  diagnostics  used  and  pressures  surveyed  in  these  experiments  is 
tabulated  in  Appendix  H.  These  experiments  produced  a  large  bank  of  data,  all 
of  which  ha6  not  been  fully  analyzed.  The  analysis  of  these  data  continues  as 
an  ongoing  project. 

7.  Simulations 

Under  a  separate  contract  a  linearized,  three-dimensional,  fully 
electromagnetic  particle-in-cell  code  (KMRAD)  was  written  to  ir  estigate 
resistive  instabilities.  KMRAD  was  uBed  to  predict  instability  growth  and 
convention  rates  in  the  beam  body  for  the  parameters  of  the  FX-100  experiments. 
Under  yet  another  contract  MRC  developed  a  propagation  code,  CPROP,  based  on 
the  two-dimensional,  relativistic,  electromagnetic,  partic le-in-ce 11  beam 
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simulation  code  CCUBE.  CPROP  is  being  used  to  investigate  the  physics  of  the 
nose-coupled  hollowing  instability,  including  the  effects  of  nose  blowoff  at 
injection,  ohmic  energy  losses,  conductivity  generation,  and  return  current 
formation.  This  code  treats  blowoff,  ohmic  losses,  beam  hollowing,  and  return 
currents  by  direct  self-consistent  numerical  integration  of  the  Maxwell 
equations  and  the  single  particle  relativistic  equations  of  motion. 
Conductivity  has  been  based  on  models  developed  at  Lawrence  Livermore  National 
Laboratory.  Improved  models  more  appropriate  for  the  low-pressure  experiments 
at  AFWL  are  now  being  developed  at  MRC  for  DARPA  and  will  be  added  to  CPROP  in 
due  course.  Details  of  the  comparisons  between  KMRAD  and  CPROP  simulations  and 
the  experiments  are  to  be  found  in  Appendix  G. 


C.  Experimental  Results  and  Discussion 

In  both  the  FX-25  and  FX-100  experiments  the  energy  deposited  In  a 
calorimeter  at  the  end  of  the  drift  tube  was  used  to  define  the  propagation 
window  in  pressure.  This  measurement  integrates  over  both  particle  energy  and 
current  and  i6  not  necessarily  indicative  of  electron  kinetic  energy  loss.  For 
example,  we  found  in  our  experiments  that  the  low  and  high  pressure  limits  of 
the  propagation  window  were  largely  determined  by  loss  of  particles  from  the 
beam,  rather  than  by  beam-electron  kinetic  energy  loss.  In  Fig.  14  is  shown 
the  beam-current  density  measured  on  axis  at  the  end  of  the  FX-25  drift  tube  at 
different  pressures.  Here  one  can  clearly  see  the  definition  of  the 
propagation  window  at  high  pressures  through  the  loss  of  the  beam  tail,  and  at 
low  pressures  through  the  erosion  of  the  beam  head.  The  current  history 
measured  at  the  diode  can  be  overlaid  on  these  data  as  an  envelope,  but  has 
been  omitted  for  clarity.  It  is  also  evident  that  there  is  a  regime  of 
pressure  in  which  both  nose-ero6ion  and  tsil-loss  are  simultaneously  limiting 
the  beam  charge  transport  through  the  3-m  drift  tube.  The  propagation  window 
for  the  FX-100  is  shown  in  Fig.  15.  Two  measurements  of  net  current  for 
pressures  on  either  side  of  the  window  "center"  for  the  FX-100  beam  are  6hown 
in  Fig.  16.  It  appears  that  nose-erosion  was  not  so  significant  for  this  beam 
a6  for  the  FX-25,  however,  it  must  be  remembered  that  the  FX-100  pulsewidth  was 
~6  times  that  of  the  FX-25  to  begin  with,  snd,  therefore,  the  loss  of 
calorimetrically  measured  transported  energy  resulting  from  equivalent  erosion 
of  transported  charge  would  not  be  so  large  a  fraction  of  the  total  in  the 
FX-100  experiments  as  in  the  FX-25  experiments.  The  fact  that  erosion  of  the 
FX-100  beam  did  not  play  so  large  a  role  86  for  the  FX-25  beam  resulted  in  the 
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Figure  14. 


FX-25  beam  current  density  on  axis  for  different  pressures.  Maximum 
energy  transport’ was  at  1.6  Torr.  The  current  density  near  the  diode 
had  a  waveform  that  approximated  the  envelope  of  these  signals.  The 
erosion  of  the  beam  nose  is  clearly  evident  at  pressures  below  1.6 
Torr  (upper).  At  higher  pressures  both  nose  erosion  and  tail  loss 
resulting  from  hosing  are  evident  (lower). 


5 


subsequent  slow  erosion. 


comparatively  gentle  decrease  on  the  low-energy  side  of  the  window.  The 
erosion  of  the  beam  head  can  be  seen  in  streak  photographs  taken  at  pressures 
lower  than  the  window  center.  These  are  shown  in  Fig.  17.  In  Fig.  18  we  show 
streak  photographs  taken  at  pressures  on  the  high  side  of  the  window,  and  here 
it  is  clearly  seen  that  the  loss  of  the  beam  tail  is  the  result  of  hosing  of 
the  beam  into  the  wall  prior  to  its  reaching  the  observation  port  at  4.5  m. 
Note  especially  that  the  hose  in  Fig.  18  (b)  appears  to  be  convective,  and  that 
in  Fig.  18  (c)  a  piece  of  the  beam  has  been  detached  from  the  head  by  the 

extreme  motion  of  the  hose.  We  should  emphasize  that  we  always  detected  a 
small  piece  of  the  beam  head  transported  to  the  end  of  the  tube  even  in  the 
presence  of  the  most  violent  hosing  at  pressures  in  excess  of  20  Torr.  A  small 
piece  of  the  beam  head  propagating  significant  distances  on  axis  has  apparently 

O  Q 

been  observed  in  full-density  air-propagation  experiments” * 7  on  large 

accelerators,  and  there  was  some  circumstantial  evidence  for  this  in  our 

full-density  FX-25  experiments.  This  was  true  for  both  FX  experiments,  and  may 

be  an  initial  indication  of  the  lack  of  nose-hose  coupling  at  these 

experimental  parameters.  It  should  be  mentioned  that  this  effect  has  been 

7  8  9 

observed  in  many  prior  propagation  experiments.  ’  » 

In  the  FX-100  experiments  the  pressure  window  for  propagation  was  also 
delineated  by  vivid  displays  of  visible  emission  as  is  illustrated  by  the 
open-shutter  photographs  in  Fig.  19.  Spatially  resolved  spectral  measurements 
of  the  light  emitted  showed  that  in  a  concentrated  region  near  the  axis  much  of 
the  emission  was  from  dissociated  and  ionized  nitrogen  (Fig.  20).  Because  it 
requires  ~24  eV  to  form  this  species,  we  infer  a  high  energy  density  for  the 
ionized  gas  on  axis.  The  radial  extent  of  the  high  energy  region  is  much  less 
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Figure  18.  Streak-camera  photographs  of  the  FX-100  beam  at  4.5-m  as  air  pressure  is 

increased  above  the  propagation  window  showing  loss  of  the  tail  of  the  beam. 
Figures  (b)  and  (c)  show  especially  clear  evidence  of  hosing  in  the  tail. 


Figure  19.  FX-100  open-shutter  photographs  at  Z  *  4.5  ro  and  pressures  spanning 
the  propagation  window  showing  the  molecular  band  emission  at  high 
and  low  pressures  and  atomic  (0)  line  emission  at  intermediate 
pressures.  (Beam  propagating  left  to  right,  circular  aperture  17.5 
cm  diameter).  Note  the  apparent  annular  halo  of  emission  surrounding 
the  beam. 
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Figure  20.  Atomic  emission  observed  In  the  propagation  window  (p  «  0.35  Torr) 
Is  confined  to  region  near  the  beam  axis  well  Inside  of  the  beam 
Bennett  radius  (a  -  3  cm). 


than  the  radius  characteristic  of  the  Bennett-like  beam  current  profile  (a~3 
cm).  Although  these  spectra  do  not  constitute  a  direct  measurement  of  the 
channel  conductivity,  they  are  suggestive  of  a  hotter  and  hence  more 
highly-ionized  and  conductive  gas  on  the  axis. 

The  propagation  window  was  also  characterized  by  the  appearance  of  a 
virulent  azimuthally  symmetric  instability  that  caused  a  large  fraction  of  the 
beam  current  to  be  expelled  from  the  central  channel  into  an  annular  "halo" 
region  .  This  thin  shell  of  current  then  propagated  with  the  residue  of  the 
central  core  to  the  end  of  the  drift  tube.  This  phenomenon  was  observed  with 
radiochromic  foils,  open-shutter  photography,  streak  photography,  and  our  array 
of  fast-risetime  subminiature  charge  collectors.  The  radiochromic  (blue 
cellophane)  film  measurements  were  made  with  125-pm  titanium  foils  shielding 
the  film  from  exposure  to  any  electrons  with  kinetic  energy  below  -180  keV. 
The  6ame  titanium  foil  thickness  was  used  to  shield  the  array  of  charge 
collectors.  A  time  and  space  resolved  plot  of  the  current  density  at  a 
distance  less  than  1  m  from  the  diode  is  shown  in  Fig.  21.  The  data  plotted  in 
this  figure  clearly  show  the  evolution  of  the  annular  shell  at  a  time  late  in 
the  beam  pulse.  An  example  of  a  radiochromic  film  exposure  can  be  seen  in 
Fig.  18  Appendix  D.  Many  other  examples  of  the  time  history  of  the  spatial 
distribution  of  current  associated  with  this  thin-shell  hollowing  instability 
can  be  found  throughout  the  appendices.  The  hollow  current  carrying  shell  is 
also  evident  in  both  time-integrated  and  time-resolved  photographs.  It  is  seen 
in  the  open-shutter  photograph  in  Fig.  19  that  was  taken  at  0.25  Torr  and  in 
the  photograph  taken  at  0.7  Torr.  Figure  22  is  a  streak  photograph  showing  a 
well  developed  shell  of  current.  The  open  shutter  photographs  show  other 
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Figure  22.  Imacon  streak-camera  picture  taken  through  a  vertical  slit  at  4.5  m 
showing  emission  from  fully  developed  annular  halo. 


rather  spectacular  effects  in  addition  to  the  hollowing.  It  is  of  interest  to 
resolve  these  in  time  to  try  to  understand  their  causes.  In  particular,  the 
intense  atomic  emission  concentrated  near  the  axis  persists  for  very  long  times 
after  the  passage  of  the  beam,  as  seen  from  the  framing  camera  sequence  in 
Fig.  23.  The  time  integration  of  this  afterglow  radiation  accounts  for  the 
"hot  spots"  seen  in  the  open  shutter  pictures.  The  most  likely  explanation  for 
the  persistance  of  this  afterglow  radiation  is  the  extremely  slow  deionization 
rates  for  the  ionized  atomic  nitrogen  in  the  central  core.  Also  evident  in 
Fig.  23  is  the  apparent  formation  of  the  "streamers"  during  the  latter  part  of 
the  beam  pulse.  Additional  observations  about  the  streamers  are  that  they 
always  open  in  the  direction  of  beam  propagation,  as  if  they  were  ejected  from 
the  channel  by  primaries,  and  the  opening  angle  is  more  acute  near  the  diode. 
These  might  be  particle  tracks  "exposed"  by  the  high  E/p  environment,  they 
could  be  instabilities  in  the  beam,  or  they  could  be  low-energy  electron 
exposures  of  electromagnetic-field  effects.  Which  of  these,  or  other,  causes 
is  responsible  for  the  vivid  streamer  displays  is  highly  speculative  at  this 
juncture.  The  streamers  may  be  masked  at  earlier  times  by  direct  beam  excited 
emission,  but  on  the  basis  of  these  photographs  one  cannot  be  certain  that  they 
are  not  formed  during  the  switching  off  of  the  space-charge  neutralized  beam 
current,  which  may  lead  to  pinching  of  the  remaining  unbalanced  charge  channel. 

The  appearance  of  a  thin-shell  hollowing  instability  in  the  pressure 
regime  where  avalanching  provides  an  important  contribution  to  the 
conductivity,  which  may  have  a  profile  more  peaked  than  the  beam,  and  where  the 
current  Is  highly  neutralized  is  in  qualitative  agreement  with  existing  theory 
and  simulations.  However,  the  >20-ns  delay  into  the  beam  pulse  before  the 
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Figure  24.  Open-shutter  photographs  at  Z  -  10-cm  from  the  diode  at  air 

pressures  near  the  peak  of  the  propagation  window.  This  clearly 
shows  the  initial  ejection  of  current  from  the  main  channel  to 
form  the  current  halo.  (Beam  propagating  right  to  left,  clear 
aperture  length  ~  24-cm,  air  pressures  in  Torr  indicated  on 
pictures. ) 
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Instability  onset  is  not  clear.  It  may  be  that  this  is  simply  the  delay  for 
the  conductivity  to  form  the  required  profile  for  instability,  or  the  result  of 
a  pathological  change  in  the  diode  characteristics  late  in  the  pulse. 

Finally,  a  word  about  our  FX-25  beam  extraction  experiments  i6  in  order. 
A  marked  threshold  for  the  stabilization  of  the  full-density-air  hose 
instability  was  observed  when  the  preparation  cell  pressure  was  reduced  below  1 
Torr.  Because  there  appeared  to  be  no  associated  threshold  in  the 
erosion-caused  pulse  sharpening  in  the  drift  tube,  it  is  unlikely  that  this  was 
the  dominant  mechanism  for  stabilization,  although  it  may  be  a  necessary 
ingredient.  The  same  may  be  said  for  phase-mixed  damping  of  initial 
oscillations  that  are  shock-excited  at  the  diode.  The  probable  reason  for  the 
threshold  is  the  matching  of  Xg  inside  the  cell  and  just  outside  of  the 
extraction  foil  in  full-density  air.  This  implies  matching  both  the  beam 
radius  and  net  current.  Our  diagnostics  were  insufficient  to  provide 
conclusive  evidence  for  matching  at  the  stabilization  threshold  in  this  limited 
set  of  exploratory  te6ts  of  the  use  of  a  beam  conditioning  cell.  The  effect  is 
shown  in  the  open  shutter  photographs  in  Fig.  25  ( 3- Torr  in  preparation  cell), 
and  Fig.  26  (0.6-Torr  in  preparation  cell).  Note  that  even  when  violently 
unstable  in  F  v.  25,  there  is  evidence  for  a  part  of  the  beam  transporting 
straight  to  the  wall  (as  indicated  by  the  fluorescence  of  the  wall  on  axis). 
In  Fig.  26  the  stable  propagation  length  is  limited  by  the  wall  to  about  5  or  6 
betatron  wavelengths.  These  experiments  show  that  there  is  great  promise  for 
the  use  of  the  preparation  cell  technique  for  providing  greater  control  of  the 
beam  stability  properties. 


i  of  the  FX-25  beam  extracted  into  full -density 
a  25  ra  Kapton  foil  after  drifting  through  3-m 


pressure  in  J-m  drift  tube 


D.  Plans  for  Future  Experiments 

The  FX-100  and  FX-25  accelerators,  on  which  the  first  year  experiments 
were  performed,  have  been  decommissioned.  In  order  to  continue  the  propagation 
experiments  a  new  laboratory  facility  has  been  organized  at  the  AFWL.  The 
heart  of  this  new  laboratory  is  the  VISHNU  accelerator  described  in  the 
following  few  paragraphs.  Once  VISHNU  is  fully  operational,  a  minimal  number 
of  measurements  to  establish  the  low-pressure  propagation  window  and  current 
distribution  will  be  made.  These  should  proceed  rapidly  because  of  our 
accumulated  experience  with  the  FX-100  and  FX-25  beams.  Once  this  has  been 
completed,  we  will  proceed  to  the  second  year  research  objectives  outlined  in 
Sec.  I  of  this  report. 


1.  VISHNU  Accelerator 

VISHNU  is  an  intense  relativistic  electron  beam  generator  that  is  under 
construction  at  the  AFWL  from  the  components  of  a  decommissioned  Pulse  Rad  A— 1 5 
generator.  In  Its  initial  incarnation  VISHNU  has  a  16  stage  Marx  generator 
that  could  store  a  maximum  of  8  kj  if  each  stage  were  charged  to  the  maximum 
rating  of  100  kV.  In  practice,  we  will  only  charge  to  ~80%  of  this  maximum 
rating  in  order  to  extend  the  lifetime  of  the  components  (eg.,  the  number  of 
capacitor  discharge  cycles  prior  to  failure  is  roughly  proportional  to  the 
seventh  power  of  the  charging  voltage).  When  erected,  the  VISHNU  Marx 
generator  pulse  charges  a  10-ft  oil-insulated  coaxial  transmission  line,  which 
has  a  (one-way)  electrical  length  of  ~13  ns,  and  a  capacitance  small  compared 
with  the  Marx  generator.  The  calculated  ringing  gain  for  this  line  is  "1.7, 


and  it  would  be  charged  to  ~2.7  MV  with  the  maximum  voltage  on  the  Marx.  The 
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oil  Insulation  would  be  severely  overstressed  at  thi6  voltage,  however,  and 
consequently  we  intend  to  set  the  untriggered  single-channel  oil  output  switch 
to  self  break  when  the  voltage  reaches  90%  of  the  ring-up  for  an  80%  Marx 
charge.  This  gives  the  oil  line  a  1.9  MV  charge,  which  will  produce  a  0.9-MV, 
90-kA,  26-ns  pulse  into  a  matched  load.  A  field-emitting  diode  with  these 
parameters  would  produce  a  highly  pinched  beam,  and,  furthermore,  we  wish  to 
perform  our  propagation  experiments  with  a  higher  kinetic  energy  beam  having 
parameters  close  to  those  of  our  pa6t  experiments  on  the  FX  machines. 
Therefore,  we  will  attempt  to  mismatch  the  diode  to  obtain  a  1.5-MeV,  40-kA, 
26-ns  electron  beam  output. 

The  VISHNU  diode  could,  of  course,  be  designed  to  provide  other  beam 
parameters  within  the  constraints  of  the  10-0  generator  load-line  and  diode 
pinching.  The  region  of  beam  kinetic  energy  and  current  accessible  by  VISHNU 
is  shown  in  Fig.  27  for  comparison  with  other  accelerators  that  are  being  used 
or  planned  for  intense  electron-beam  air-propagation  experiments. 

At  the  time  that  MRC  became  involved  in  the  VISHNU  project,  a  number  of 
modifications  were  required  to  make  VISHNU  into  an  operating  machine.  The 
principal  task  that  we  undertook  was  the  design  of  a  new  oil-vacuum 
interface /high-voltage  insulator  (or  diode  envelope).  Other  tasks  included  the 
design  of  an  adapter  plate  between  the  Marx  generator  tank  and  the  pulse-line, 
the  design  of  new  supports  for  the  pulse-line  inner  conductor,  and  guidance  in 
the  design  of  the  field  emitting  cathode. 

Design  of  the  envelope  was  complicated  by  the  temporary  loss  of  the  switch 
housing  from  the  old  Pulse  Rad  4-15.  The  envelope  is  a  conventional  insulator 
•tack  with  14  angled  and  graded  plastic  rings.  The  metal  grading  rings  were 
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re  27.  Intense  electron  beam  accelerators  available  for  air  propagation  experiments 
Also  shown  are  several  upgrades  and  accelerators  under  development.  The 
entire  available  range  of  current  and  voltage  of  the  AFV1L  VISHNU  accelerator 
is  shown. 


spares  originally  fabricated  for  the  RAD LAC  accelerator,  and  their  availability 
dictated  the  envelope  diameter.  Similar  structures  are  rated  at  ~125  kv/cm, 
and  in  principle,  the  VISHNU  envelope  could  be  used  for  an  output  as  high  as 
~4.5  MV.  However,  in  practice  non-uniform  fields  limit  the  usable  gradient. 
The  voltage  standoff  capability  will  be  further  limited  by  electron  bombardment 
of  the  Insulators,  which  may  lead  to  flashover.  Experimental  data  from  the 
RADLAC  accelerator  program  Indicates  that  in  the  presence  of  currents, 
insulator  breakdown  is  time  dependent,  and  the  VISHNU  envelope  may  break  down 
at  ~2.5  MV. 

A  major  problem  with  the  present  design  is  that  the  limited  space 
available  for  the  output  oil  switch  Increased  the  capacitive  coupling  between 
the  pulse  line  and  the  diode.  This  capacitance  is  -25  pF  and  that  of  the 
envelope  transmission  line  is  between  25  pF  and  38  pF.  For  the  1.9  MV 
pulseline  charging  voltage  the  resulting  capacitive  coupling  can  be  expected  to 
give  a  prepulse  of  0. 7-1.0  MV.  This  rather  large  value  would  certainly  cause 
the  graphite  cathode  to  emit,  consequently  an  effort  has  been  made  to  suppress 
the  prepulse  through  the  use  of  a  die lectric-f lashover  switch  in  the  vacuum 
transmission- line  center  conductor.  This  should  lower  the  prepulse  at  the 
cathode  to  less  than  ~50  kV.  Furthermore,  a  comparatively  small  prepulse 
leakage  current  of  ~500  A  would  reduce  the  prepulse  by  a  factor  of  ~8.  If  It 
turns  out  that  the  prepulse  is  unacceptably  large,  a  2-kD  shunt  resistor  m  ’ 
solve  the  problem.  Other  solutions  Include  the  use  of  a  groundplane  shield  in 
the  oil  switch. 
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Another  problem  we  may  face  la  that  the  single-channel  oil  switch  and 
high-impedance  vacuum  transmission  line  output  can  be  expected  to  result  in  a 


risetime  longer  than  ~10  ns.  If  this  causes  a  serious  degradation  of  the 
short,  ~25-ns,  pulse  produced  by  the  oil  insulated  coax  we  may  need  to  resort 
to  a  lower  Impedance  switch  or  output. 

The  diode  envelope  is  supported  by  tie  rod6  fabricated  from  "Superstud 
CR",  a  new  high-strength  glass-fibre  reinforced  polyester  manufactured  by 
Permali  Corp.  Other  features  of  the  design  include  an  adjustable  cathode 
shank,  and  a  switch  gap  that  is  adjustable  from  the  vacuum  side  of  the 
envelope.  Finally,  access  ports  have  been  provided  for  the  placement  of 
capacitive  V-dot  voltage  monitors  on  the  oil  side  of  the  envelope,  and  for 
B-dot  current  monitors  on  the  output  transmission  line. 

When  fully  operational,  VISHNU  will  be  a  versatile  and  reliable 
accelerator  for  the  production  of  the  electron  beams  required  for  the 
completion  of  our  second  year  propagation  experiments. 

2.  Beam  Conditioning  Cell 

It  seems  clear  from  the  results  of  the  FX-100  experiments  that  any 
diode-generated  beam  will  not  be  in  equilibrium  when  injected  into  the 
air-propagation  experimental  chanter.  This  makes  for  poor  reproducibility  and 
lack  of  control  of  the  beam  behavior  through  the  variation  of  external 
parameters  (ie.,  air  pressure,  return-conductor  radius,  etc.).  Because  our 
second  year  research  objectives  require  a  much  more  precise  control  of  the  beam 
characteristics  than  we  feel  is  obtainable  with  direct  diode  injection  into  the 
chamber,  we  will  attempt  to  precondition  the  beam  by  equilibrating  it  in  a 
short  conditioning  cell.  This  is  based  in  part  on  our  FX-25  experiments  with 


the  stabilization  of  the  full-density-air  hose  Instability  by  the  use  of  a 
conditioning  cell.  We  intend  to  use  helium  gas  In  this  cell  because  of  its 
reduced  scattering  and  simpler  chemistry. 

3.  Propagation  Chamber 

Several  large-diameter  chambers  have  been  located  at  the  AFWL,  and  we  have 
set  these  aside  for  use  as  a  large  diameter  (r  >  60  cm)  propagation  chamber  in 
order  to  avoid  unwanted  wall  effects.  These  have  large  viewing  ports  that  will 
allow  us  to  observe  a  significant  beam  propagation  length  without  impediment. 
It  will  be  a  simple  matter  to  use  conducting-screen  tubes  with  varying 
diameters  in  this  chamber  to  investigate  wall  effects  on  hose  growth,  nose 
erosion,  and  coupling.  We  will  also  be  able  to  explore  the  thin-shell 
hollowing  instability  in  the  absence  of  return  conductors,  if  indeed  this  mode 
1 8  observed  in  experiments  with  the  shorter-pulse  VISHNU  beam. 


E.  Summary 

In  summary,  we  have  accomplished  our  firBt  year  objectives  of  delineating 
the  pressure  window  for  propagation  of  the  FX-100  beam,  of  measuring  the 
temporal  evolution  of  the  spatially  resolved  beam  current  distribution,  and  of 
providing  insight  into  the  experimental  results  through  strong  theoretical 
support. 

We  utilized  available  experimental  time  on  the  FX-25  to  develop  the 
sifcmlnlature  charge  collector  diagnostic  that  was  to  prove  invaluable  in  the 
following  FX-100  experiments.  We  also  used  the  FX-25  to  perform  experiments  on 
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the  stabilization  of  the  full-density-air  hose  through  the  use  of  a 


low-pressure  beam-preparation  cell.  The  encouraging  results  of  this 
exploratory  use  of  a  preparation  cell  will  enable  us  to  exercise  greater 
control  over  the  beam  in  future  experiments. 

Maximum  energy  transport  of  the  FX-100  beam  occured  at  0.3-0. 5- Torr  air 
pressure.  The  window  for  maximum  energy  transport  was  defined  by  loss  of  the 
tail  of  the  beam  at  high  pressures  and  by  erosion  of  the  beam  head  at  low 
pressures  in  both  the  FX-25  and  FX-100  experiments.  Propagation  in  the  window 
was  characterized  by  a  high  degree  of  current  neutralization  (~80%  or  more). 
In  the  propagation  pressure  window  we  observed  a  strong  hollowing  instability. 
The  hollowing  caused  as  much  86  80%  of  the  beam  current  to  be  carried  in  a  thin 
annular  6hell  at  a  radius  about  twice  the  Bennett  radius  that  characterized  the 
injected  current  distribution.  Space-  and  time-resolved  measurements  of  the 
current  distribution  with  a  fa6t-ri6etime  subminiature  charge  collector  array 
showed  that  the  thin-6hell  hollowing  instability  developed  late  (~20  ns  or 
more)  into  the  beam  pulse.  Spectroscopic  measurements  of  the  visible  emission 
suggest  that  the  air  near  the  axis  of  the  beam  may  have  been  hotter  and  more 
highly  ionized  in  this  pressure  regime,  which  may  have  resulted  in  a 
conductivity  profile  more  centrally  concentrated  than  that  of  the  beam. 

The  appearance  of  a  thin-shell  hollowing  instability  in  the  pressure 
regime  where  avalanching  provides  an  important  contribution  to  the 
conductivity,  which  may  have  a  profile  more  peaked  than  the  beam,  and  where  the 
current  is  highly  neutralized  is  in  qualitative  agreement  with  existing  theory 
and  simulations.  The  observed  delay  in  onset  is  not,  The  source  of  the 
disagreement  may  lie  in  imperfect  air-chemistry  modelling  giving  an  erroneous 


88 


delay  for  the  buildup  of  an  unstable  conductivity  profile.  Simulations  with 
CPROP  showed  many  features  consistent  with  the  experimental  results,  Including 
a-blgh  degree  of  current  neutralization,  rapid  blowoff  of  the  beam  head  after 
Injection  followed  by  slower  erosion,  and  a  lack  of  instability  early  in  the 
beam  pulse.  Simulations  with  KMRAD  showed  instability  to  thin-shell  hollowing 
in  the  body  of  the  beam. 

The  experimental  low-pressure  air  propagation  experiments  will  be 
continued  u6ing  the  electron  beam  produced  by  a  new  accelerator  (VISHNU)  being 
constructed  at  the  Air  Force  Weapons  Laboratory.  VISHNU  is  designed  to  have 
electron  beam  parameters  close  to  those  of  the  FX  accelerators  in  order  to  take 
advantage  of  our  experience  with  those  beams.  It  will,  however,  have  a  shorter 
pulsewidth  than  the  FX-100,  which  may  have  an  effect  on  the  onset  of  the 
hollowing  instability. 
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The  pressure  regime  for  stable  propagation  of  an  internal  relativistic 
electron  beam  (I  ■  20  kA,  W  1.5  MeV,  t  >  20  ns)  was  determined  and  the 
beam-current  density  distribution  was  measured  using  an  array  of  fast- 
response,  subminiature  Faraday  cups.  Experiments  were  performed  on  the 
stabilization  of  this  pre-equi 1 ibrated  beam  when  it  was  extracted  into 
ful 1-density  air. 
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INTRODUCTION 


During  February,  1981  the  FX-25  accelerator  was  made  available  for  develop¬ 
ment  of  diagnostics  and  exploratory  propagation  experiments.  The  diagnostic 
effort  focused  on  the  development  of  an  array  of  subminiature  Faraday  cups 
for  the  determination  of  the  beam  spatial  distribution.  Experiments  were 
also  performed  with  a  new  technique  for  the  measurement  of  the  divergence 
of  high  energy  density  beams.  In  the  propagation  experiments  the  previously 
established  range  of  pressures  for  stable  propagation  was  confirmed  for  the 
particular  geometry  used;  the  beam  spatial  distribution  was  measured;  and 
data  was  obtained  on  beam  emittance.  These  measurements  were  made  over  a 
range  of  pressures  that  extended  above  and  below  the  window  for  stable  pro¬ 
pagation.  Finally,  the  beam  was  extracted  into  full  density  air  after  having 
propagated  through  the  low  pressure  drift  tube  in  order  to  investigate  the 
effect  on  the  hose  instability  of  pulse  sharpening,  profile  broadening,  and 
phase  mixing. 

I.  DIAGNOSTIC  DEVELOPMENT 

A.  Subminiature  Faraday-Cup  Array 

An  array  of  fa st-response  Faraday-cup  charge  collectors  was  developed 
to  measure  the  time-resolved  current  density  spatial  distribution.  The  use 
of  this  array  allows  the  determination  of  the  evolution  of  the  radial  beam 
profile  on  a  single  shot.  The  array  used  for  the  measurements  reported  here 
consisted  of  several  coaxial  Faraday  collectors  embedded  in  a  carbon  bear- 
stop  and  shielded  from  the  plasma  electrons  with  a  thin  carbon  sheet.  The 
use  of  submiriature  charge  collectors  eliminates  the  noise  and  response  time 
problems  associated  with  the  detection  of  high  currents.  Furthermore,  using 
a  coaxial  collector  driving  a  matched  and  terminated  signal  cable  provides 
the  fastest  possible  response  time.  The  response  time  of  the  signals  observed 
in  this  experiment  was  limited  by  the  bandwidth  of  the  oscilloscopes  to  1  ns. 
The  high  signal  level  and  ur.troken  coaxial  ly-shielded  construction  gave  essen¬ 
tially  noise-free  osci 1 lograms. 


Graphite  was  used  throughout  the  design  because  of  its  superior  resis¬ 
tance  to  damage  by  the  high  energy  density  beam.  In  a  further  development 
of  this  design,  which  had  equivalent  performance,  the  insulating  gap,  t  , 
was  replaced  with  a  thin  sheet  (25  pm)  of  Kapton,  which  also  had  a  high  re¬ 
sistance  to  damage  in  this  intense  beam.  A  large  version  of  this  array  has 
been  constructed  for  use  in  the  FX-100  experiments. 

Electron  scattering  in  the  probe  materials  make  it  difficult  to  accurately 
predict  the  effective  area  of  the  coaxial  charge  collecter.  Existing  Monte 
Carlo  electron-transport  codes  are  being  investigated  as  a  means  for  esta¬ 
blishing  the  sensitivity  of  the  probes.  This  calibration  was  established 
experimentally  for  the  FX-25  array  by  normalizing  current  density  distribu¬ 
tions  measured  close  to  the  diode  (Fig.  2)  to  the  total  diode  current  (measured 
with  a  resistive  shunt).  The  same  procedure  will  be  used  to  experimentally 
calibrate  the  FX-100  array. 

B.  Faraday  Cup  Beam-Emi t tance  Measurements 

A  new  technique  for  making  a  time  resolved  measurement  of  the  beam  emit- 
tance  was  experimented  with  on  the  FX-25.  Consider  the  geometry  of  Figure 
1  with  the  thin  carbon  sheet  (tc)  removed  and  the  UT-47  solid  coax  retracted 
into  the  hole  in  the  carbon  block  to  a  depth,  c,  from  the  front  surface.  If 
the  carbon  were  a  perfect  absorber  then  the  only  electrons  that  would  be 
collected  would  be  those  with  angles  of  incidence  less  than  tan  *  D/2:.  A 
set  of  such  probes  retracted  to  different  depths  would  thus  provide  a  quanti¬ 
tative  time-resolved  measurement  of  the  angular  distribution  of  the  incident 
beam.  In  fact,  scattering  in  the  carbon  complicates  the  interpretation  of 
the  data  obtained  with  this  geometry  and  without  elaborate  Monte  Carlo  calcula¬ 
tions,  the  results  of  the  measurements  made  on  the  FX-25  can  be  only  considered 
crude  estimates,  at  best.  Even  using  the  scattering  by  known  foil  thicknesses 
as  a  means  of  establishing  an  empirical  calibration  does  little  to  reduce 
the  difficulty  in  interpreting  data  collected  with  this  geometry.  These  pre¬ 
liminary  experiments  did,  however,  result  in  an  improved  design  that  should 
give  easily  interpreted  data,  and  has  been  constructed  for  the  F X - 1 00 


experiments.  In  this  apparatus  the  coax  charge  collectors  are  set  at  the 
bottom  of  conical  (rather  than  cylindrical)  holes  with  varying  cone  angles. 

The  depth  of  each  hole  is  the  same  and  is  greater  than  one  practical  range 
in  carbon  for  the  FX-100  electron  energy.  This  should  sharpen  the  angular 
discrimination  lacking  in  the  previous  design.  Multiply-scattered  electrons, 
secondaries,  and  plasma  electrons  will  be  discriminated  against  by  use  of 
a  Kapton  insulated  tantalum  sheet  over  the  end  of  the  coax  detecter.  An 
experimental  calibration  will  be  effected  by  exposing  the  array  to  the 
FX-100  beam  scattered  in  anode  foils  of  known  thickness.  This  will  be  backed 
up  with  Monte  Carlo  scattering  calculations. 

II.  PROPAGATION  EXPERIMENTS 

The  propagation  experiments  reported  here  were  performed  in  reduced  pressure 
air  in  a  5-cm  inner  diameter,  307-cm  long  conducting  drift  tube.  A  graphite 
Rogowski  surface  cathode  was  used  with  a  25-pm  Ti  foil  anode  to  produce  a 
'20  ^s,  20  -  25  kA,  1.5  -  2.0  MeV  beam  from  the  FX-25  accelerator  (Fig.  2). 

It  ’has  been  previously  established  that  the  pressure  window  for  stable  propa¬ 
gation  for  this  accelerator  is  1  -  2  Torr.  This  was  confirmed  for  this  parti¬ 
cular  geometry  by  measurements  of  the  beam  energy  deposited  in  a  graphite 
calorimeter  especially  constructed  for  these  experiments.  The  maximum  energy 
was  deposited  in  the  calorimeter  when  the  drift  tube  pressure  was  1.6  Torr. 

This  was  only  about  15  -  20v  of  the  initial  beam  energy.  The  reason  for  this 
inefficient  transport  became  clear  when  time-resolved  measurements  of  the 
current  density  at  3  m  were  made.  As  seen  in  the  data  for  the  on-axis  probe 
(Fig.  2)  there  was  no  pressure  for  which  the  full  '20  ns  diode-current  pulse 
width  was  propagated  to  the  end  of  this  drift  tube.  At  the  lower  pressures, 
erosion  of  the  beam  head  shortened  the  pulse  from  the  maximum  width  of  '12-  15 
ns  observed  at  '1.6  Torr,  while  at  higher  pressure  the  hose  instability  eroded 
the  tail  of  the  beam  as  well.  This  overlap  of  the  pressure  regimes  for  severe 
nose  erosion  and  hose  instability  was  not  observed  on  earlier  FX-25  experiments 
with  larger-diameter  drift  tubes,  and  is  probably  a  result  of  the  small -diameter 
tube  used  for  these  experiments. 


The  beam  distribution  at  peak  current  evolved  into  a  Bennett-like  profile 
at  the  end  of  the  drift  tube  as  shown  in  Figure  4.  The  Bennett  radius  for 
the  beam  propagated  in  1.6  Torr  air  inferred  from  these  data  is  '-0.5  cm, 
and  corresponds  closely  to  the  radius  inferred  from  damage  to  dielectric  foils 
(Fig.  4).  However,  the  radius  inferred  from  open  shutter  photographs  of  N~ 
fluorescence  at  3914  A  is  about  a  factor  of  two  greater,  probably  as  a  result 
of  excitation  by  lower  energy  secondaries  and  plasma  electrons. 

As  the  pressure  was  reduced  below  1.6  Torr  into  the  regime  of  severe  ero¬ 
sion  of  the  beam,  the  profile  broadened  (Fig.  5),  and  an  increase  of  current 
transported  in  the  wings  was  observed.  The  inferred  Bennett  radius  increased 
with  reduced  pressure  until  it  was  approximately  equal  to  the  tube  radius  at 
a  pressure  of  '0.8  Torr. 

The  total  beam  current  inferred  from  the  distribution  profiles  and  maximum 
current  rate  of  change  are  shown  in  Figure  6.  It  is  seen  here  that  although 
the  current  may  be  sharpened  by  erosion  at  lower  pressures,  the  reduction 
in  current  results  in  an  overall  reduction  in  the  rate  of  change. 


III.  BEAM  EXTRACTION  EXPERIMENTS 

To  date,  all  high  intensity  beams  extracted  directly  from  the  diode 
into  full  density  air  have  been  observed  to  become  hose  unstable  within  a 
few  (1  -  4)  betatron  wavelengths.  The  betatron  wavelength  is  Xg  '  2tTa 

(W^net^  ’  where  Jnet  15  the  net  (beam  P1us  Plasma)  current,  "a"  is  the 
Bennett  equilibrium  radius,  and  1^  =  yBmc^/e  is  the  Alfven  current.  There¬ 
fore,  effects  that  increase  the  equilibrium  radius  (such  as  increased  beam 
emittance  from  foil  scattering)  have  been  observed  to  increase  the  hose-free 
propagation  distance  in  previous  experiments.  Thick  foil  scattering  also 
appears  to  have  increased  the  number  of  betatron  wavelengths  before  hose 
disruption,  perhaps  because  of  a  reduction  in  growth  rate  resulting  from  more 
rap-id  phase  mixing  of  the  betatron  motions.  Finally,  it  is  noted  that  a  reduc¬ 
tion  of  I  .  will  also  increase  X.  and  thus  the  hose-free  propagation  distance, 
net  t  3 


Extraction  of  the  FX-25  beam  into  full-density  air  after  it  propagates 
through  the  3-m  low-pressure  drift  cell  could  be  expected  to  produce  a  more 
stable  beam  by  some  combination  of  the  aforementioned  effects.  The  beam  was 
observed  to  have  a  higher  emittance  at  the  end  of  the  drift  tube  than  at  the 
diode.  Furthermore,  at  the  lower  pressures  the  observed  larger  Bennett  equili¬ 
brium  radius  would  favor  a  larger  hose-free  propagation  path.  Finally,  erosion- 
sharpened  beam  fronts  could  produce  higher  conductivity  (as  a  result  of 
avalanching  in  the  high  induction  field)  that  in  turn  would  result  in  reduced 
net  currents  and  the  associated  increased  X  . 

P 

To  test  the  possibility  of  stabilizing  the  hose  by  pre-equilibration  in 
a  low-pressure  propagation  cell,  the  FX-25  beam  was  extracted  through  a 
25-qm  Kapton  foil  at  the  end  of  the  3-m  drift  tube.  As  the  propagation-cell 
air  pressure  was  reduced  from  slightly  above  the  propagation  window  to  slightly 
below,  a  marked  stabilization  of  the  hose  was  observed  (Fig.  7  -  10)  at  pressures 
<1  Torr.  Hose-free  propagation  was  observed  below  this  threshold  until  the 
beam  struck  the  shield-block  wall  -1  m  from  the  exit  point.  (Presumably, 
if  the  available  space  for  propagation  were  greater,  then  the  extracted  beam 
would  eventually  destabilize.)  Hose  stabilization  in  these  experiments 
apparently  resulted  from  increased  emittance  and  Bennett-equil ibrium  radius 
at  the  reduced  pressures.  Enhanced  conductivity  was  probably  not  contributory , 
because,  as  shown  in  Figure  6,  the  rate-of-change  of  beam  current  did  not 
increase  significantly  as  the  cell  pressure  was  dropped. 

In  conclusion,  the  availability  of  time  on  the  FX-25  made  it  possible 
to  develop  two  of  the  more  important  diagnostics  required  for  the  forthcoming 
FX-100  propagation  experiments.  A  limited  set  of  propagation  experiments 
in  a  3-m  drift  tube  was  performed  that  indicated  an  increased  Bennett  equili¬ 
brium  radius  at  pressures  below  the  pressure  for  maximum  beam  energy  transport. 
This  effect  was  used  to  stabilize  the  beam  extracted  into  full-density  air. 

The  author  wishes  to  acknowledge  the  assistance  of  Winston  Bostick  in 
performing  these  experiments;'  especially  in  the  development  stages  of  the 
subminiature  Faraday  collectors. 
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Figure  1.  Subminiature  Faraday  collector  for  beam  current  density  measure¬ 
ments.  The  graphite  shield  thickness  (tc  =  1.8  mm)  is  sufficient  to  stop 
electrons  with  energies  less  than  700  keV.  An  insulating  gap  (tg  =  1.7  mm) 
is  provided  between  the  shield  and  the  graphite  beam  stop,  which  houses  the 
array  of  rigid  coaxial  cable  {UT-47)  detectors.  These  have  solid  copper 
outer  (D  =  1.2  mm)  and  inner  (d  =  0.29  mm)  conductors,  and  Teflon  insulation. 


Figure  2.  FX-25  diode  geometry  and  beam  current  density  profile  measured 

in  vacuum  0.5  cm  from  the  titanium  anode  foil.  The  51-ym  anode  foil  induces 
a  mean  scattering  angle  of  16-20°.  The  current  density  profile  shown  was 
obtained  at  the  time  of  peak  current  Umax  =  22  kA).  The  FX-25  produced 
beams  having  nominal  values  for  parameters  shown. 


Figure  3.  Beam  current  density  on  axis  for  different  pressures  near  the 
propagation  window.  The  current  density  near  the  diode  had  a  waveform  that 
approximated  the  envelope  of  these  signals.  The  erosion  of  the  beam  nose  is 
clearly  evident  at  pressures  below  1.6  Torr  (upper).  At  higher  pressures 
both  nose  erosion  and  tail  loss  resulting  from  hosing  are  evident  (lower), 
(lower) . 
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Figure  4.  Evaluation  of  the  beam  current  distribution  near  the  diode  (upper 
figure)  into  a  Bennett-like  profile  (lower  figure)  after  propagating  3-m 
in  1.6-Torr  air  (the  pressure  for  maximum  energy  transport).  Also  shown 
are  the  range  of  radii  determined  from  damage  to  dielectric  foils  (centered 
at  r  "  0.5  cm),  and  determined  from  extent  of  3914  A  (N^)  emission  (centered 
at  r  '  1  cm) . 


Figure  5.  Beam  current  distributions  at  3  m  for  several  air  pressures. 
Maximum  energy  transport  was  observed  at  1.6  Torr.  The  increased  current 
density  in  the  wings  of  the  profiles  at  lower  pressures  was  an  effect  noted 
on  all  of  the  shots  at  these  pressures. 
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Figure  6.  (Upper  figure)  Total  beam  current  at  the  end  of  3  m.  These  data 
were  obtained  by  integrating  the  current  distributions  measured  with  the 
array  of  miniature  Faraday  cups.  (Lower  figure)  Maximum  time  rate-of- 
change  of  the  beam  current  at  the  end  of  the  three  meter  drift  tube. 
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Figure  7.  Open  shutter  (time  integrated)  photograph  of  FX-25  beam  extracted 
into  full-density  air  (630  Torr)  through  a  25-pm  Kapton  foil  after  propagat¬ 
ing  3-m  in  a  5-cm  diameter  conducting  drift  tube.  The  air  pressure  in  the 
drift  tube  was  1.6  Torr,  the  pressure  for  maximum  beam  energy  transport. 

The  beam  in  the  drift  tube  is  visible  through  the  round  port  on  the  drift 
tube. 


Figure  9.  Open  shutter  photograph  of  the  FX-25  beam  extracted  into  full- 
density  air  after  drifting  thorough  3-m  of  3-Torr  air. 
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Figure  1.  Comparison  of  experimental  parameters  for  F  X  -  2  5  and  FX-KK 
propagation  ex  per  i  merits . 
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Figure  2.  Subminiature  Faraday  collector  for  FX-25  beam  current  density  measurements. 

The  graphite  shield  thickness  (tc  =  1.8  mm)  is  sufficient  to  stop  electrons 
with  energies  less  than  700  keV.  An  insulating  gap  ( tg  =  1.7  mm)  is  provi¬ 
ded  between  the  shield  and  the  graphite  beam  stop,  which  houses  the  array 
of  rigid  coaxial  cable  (UT-47)  detectors.  These  have  solid  copper  outer 
(D  =  1.2  mm)  and  inner  (d  =  0.29  mm)  conductors,  and  Teflon  insulation.  FX-10 
array  similar,  except  shield  was  125  pm  Ti  and  gap  was  insulated  with  25  ,jn  of 
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Figure  3. 


Energy  dependence  of  effective  collection  area  of  FX-25 
subminiature  charge  collectors.  This  dependence  is  the 
result  of  electron  scattering  in  surrounding  materials. 
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Figure  5.  Evolution  of  the  FX-25  beam  current  distribution  near  the  diode  (upper 
figure)  into  a  Bennett-like  profile  (lower  figure)  after  propagating 
3-m  in  1.6-Torr  air  (the  pressure  for  maximum  energy  transport).  Also 
shown  are  the  range  of  radii  determined  from  damage  to  dielectri  c^fc.i  1  s 
(centered  at  r  0.5  cm),  and  determined  from  extent  of  3514  A  (\‘ 
emission  (centered  at  r  1  cm). 
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Figure  6.  Beam  current  density  on  axis  at  Z  =  3  m  for  different  pressures  near 
the  propagation  window.  The  current  density  near  the  diode  had  a 
m  waveform  that  approximated  the  envelope  of  these  signals.  The  erosion 

of  the  beam  nose  is  clearly  evident  at  pressures  below  1.6  Torr  (upper). 
At  higher  pressures  both  nose  erosion  and  tail  loss  resulting  from  hosing 
are  evident  (lower). 


Open  shutter  (time  integrated)  photograph  of  FX-25  beam  extracted 
into  full-density  air  (630  Torr)  through  a  25-pm  Kapton  foil  after 
propagating  3-m  in  a  5-cm  diameter  conducting  drift  tube.  The  air 
pressure  in  the  drift  tube  was  1.6  Torr,  the  pressure  for  maximum 
beam  energy  transport.  The  beam  in  the  drift  tube  is  visible 
through  the  round  port  on  the  drift  tube.  The  apparent  flaring  of 
the  beam  in  full  density  air  is  interpreted  as  the  time  integration 
of  the  beam  motion  resulting  from  the  hose  instability. 


Figure  8.  Open  shutter  photograph  of  the  FX-25  beam  extracted  into  full- 
•  density  air  after  drifting  through  3-m  of  0.8  Torr  air.  The 

preparation  of  the  beam  by  drifting  through  this  lower-density 
gas  cell  has  stabilized  the  hose  instability  in  full  density  air. 
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le  Graaff  e-beam  generator  with  5.5-m  low-pressure 
or  propagation  experiments. 
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Figure  17.  FX-100  open  shutter  photographs  at  2  =  4.5  m  and  pressures 

spanning  the  propagation  window  showing  the  molecular  band 
emission  at  high  and  low  pressures  and  atomic  (0)  line 
emission  at  intermediate  pressures.  (Beam  propagating  left 
to  right,  circular  aperture  '17.5  cm  diameter).  Note  the 
apparent  annular  halo  of  emission  surrounding  the  beam. 


Figure  18.  Open  shutter  photographs  at  Z  '10  cm  at  air  pressures  near  the 
peak  of  the  propagation  window.  (Beam  propagating  right  to 
left,  axial  clear  aperature  '24  cm.)  Note  the  apparent  develop¬ 
ment  of  an  annular  "halo".  The  air  pressure  in  Torr  for  these 
photographs  is  indicated  between  each  pair  (obtained  at  the  same 
pressures ) . 
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resolved  beam  current  density  profile  at  2  =  0.81 
0.35  Torr.  Note  development  of  "halo"  current  of 
energy  L>150  keV)  electrons. 
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Figure  1 
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Beam  profile  at  peak  current  at  injection  into  drift  tube.  A1 
shown  is  the  geometry  of  the  Rogowski  surface  cathode  used  to 
obtain  quasi-Bennett  beam  profiles.  Data  is  shown  for  two 
anode-foil  thicknesses,  however,  only  25-ym  foils  were  used  fo 
the  progagation  experiments. 
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Geometry  of  subminiature  Faraday  collector.  For  FX-25  array  the 
C  plasma  shield  was  tc  =  1.8  irni  thick  and  was  insulated  by  a 
tg  =  1.7  mn  vacuum  gap.  The  FX-100  array  used  a  tc  =  0.125 
mm  thick  Ti  shield  and  tg  =  0.025  mm  Kapton  foil  insulator. 

Both  arrays  used  UT-47  ngid-coax  collectors  with  d  =  0.29  im 
diameter  inner  conductors  and  D  =  1.2  mm  diameter  outer  conduc¬ 
tors  with  Teflon  insulation. 


-100  beam  current  density  profile  at  Injection 
e  subminiature  Faraday  collector  array.  This 
e  diode  shark  emission  (at  large  radii). 


density  prof 
ssure  of  0.5 


Time-resolved  beam  current  density  profile  after  propagating 
5.34  m  in  0.35-Torr  air.  This  shot  shows  the  development  of 
annular  region  of  current  transport  (at  r~5  cm). 
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Figure  10.  Microdensitometer  scan  of  time-integrated  spectrometer  photo¬ 
graph  of  the  emission  from  FX-100  beam-excited  air  at  0.35-Torr 
pressure.  This  scan  shows  the  characteri stic  molecular  nitro¬ 
gen  band  emission  that  gives  rise  to  the  blue  color  in  beam 
excited  air. 
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FX-100  beam-excited  air  spectrum  in  blue-green  region.  (Hg 
lines  from  calibration  source.)  This  shows  the  appearance  of 
singly  ionized  nitrogen  lines  (N+)  in  0.35-Torr  air  experi¬ 
ments,  which  is  indicative  of  high  plasma  electron  tempera- 
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Figure  14.  Identification  of  the  spectral  lines  and  bands  observed  from 
0.35-Torr  air  emission. 
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Figure  16. 


The  atomic  line  emission  appears  only  near  the  axis  of  the  beam 
indicative  of  the  high  plasma  electron  temperature  on  axis. 


Framing-camera  photographs  O0-ns  exposure) 
0.35-Torr  air  showing  persistance  of  radiati 
near  the  bear-  axis  after  the  passage  of  tue 
is  probably  the  result  o'  the  slow  deio"izat 
pressure . 
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ABSTRACT 


The  Monte  Carlo  transport  code  CYLTRAN  is  used  to  study  electron  trans 
port  and  scattering  in  a  Faraday  cup  consisting  of  a  small  cross  section 
coaxial  cable  surrounded  concentrically  by  a  massive  carbon  block.  Elec¬ 
trons  impinging  on  the  center  wire  of  the  coax  generate  a  signal  propor¬ 
tional  to  the  electron  beam  current.  As  expected,  it  is  found  that  the 
effective  cross  section  of  the  wire  is  greater  than  its  geometrical  cross 
section  due  to  scattering  of  primaries  into  it.  The  cross  section  is  only 
slightly  modified  by  production  and  deposition  of  secondary  electrons  in 
the  form  of  k  .cckons.  These  effects  are  dependent  on  electron  beam  energy 


PROBLEM  CONFIGURATION 


The  design  of  a  small  aperture  Faraday  cup  to  measure  electron  beam 
current  is  given  in  Figure  1.  It  consists  of  a  UT-47  coaxial  cable  embed¬ 
ded  in  a  cyl indrical ly  shaped  massive  carbon  block.  In  experiments,  the 
block  is  sufficiently  large  in  axial  and  radial  extent  to  stop  all  primary 
and  secondary  electrons.  Figure  1  depicts  the  accurate  coaxial  cable 
dimensions.  However,  the  carbon  block  shown  was  utilized  in  code  runs  to 
minimize  necessary  computer  time.  The  length  is  sufficient  to  effectively 
stop  all  electrons  up  to  4  MeV  -  the  maximum  energy  tested.  Because  we 
were  not  interested  in  electrons  scattered  outward,  the  block  radius  was 
set  equal  to  the  beam  radius. 


CODE  RESULTS 

The  Monte  Carlo  transport  code  CYLTRAN  was  used  in  this  study.  It  is 
particularly  suitable,  because  it  can  calculate  both  electron  and  photon 
transport  in  cylindrical  geometry.  The  problem  may  involve  up  to  five 
materials  each  consisting  of  a  maximum  of  ten  elements  without  code  modifi¬ 
cation.  The  problem  cylinder  may  be  zoned  axially  and  radially  into  100 
compartments,  if  necessary.  CYLTRAN  is  detailed  in  Reference  1. 

Data  on  materials  used  in  the  Faraday  cup  pertaining  to  bean  stopping 
power,  range  and  radiation  yield  up  to  a  maximum  beam  energy  of  4  MeV  is 
compiled  in  Appendix  A.  It  is  generated  based  on  material  density,  compo¬ 
sition,  and  tabulated  cross  sections  for  the  various  elements. 

The  largest  obstacle  in  producing  statistically  significant  results 
from  this  problem  was  the  exceedingly  small  ratio  of  the  area  of  the  cen¬ 
tral  wire,  which  generates  the  signal,  to  the  bean  area.  That  ratio  is 
.  367x10-3.  The  t>eam  -js  assumed  to  have  a  uniform  current  density  and  is 
monoenerget i c .  Increasing  the  particle  substep  size  in  zones  comprising 
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electron  beam 


L  =  2.54  cm 


Figure  1.  Physical  dimensions  and  material  composition  of  a  small  aperture 
Faraday  cup.  The  electron  beam  in  uniformly  distributed  over  the 
entire  cross  sectional  area. 


the  coaxial  cable  improved  the  statistics  only  marginally.  Eventually,  ten 
batches  of  3000  particles  were  utilitzed.  Further  statistical  improvement 
could  be  obtained  by  increasing  the  number  of  primaries.  However,  the 
increased  accuracy  was  not  deemed  necessary  for  the  present  application. 

The  main  purpose  of  this  study  was  to  determine  the  amount  of  charge 
deposited  in  the  central  wire  due  to  scattering  and  secondary  electron  pro- 
ducton  versus  that  predicted  from  its  cross  section  area.  Electrons  with 
energies  greater  than  approximately  10  keV  were  followed.  It  was  found 
that  the  number  of  electrons  deposited  was  several  times  larger  than  could 
be  explained  by  purely  geometric  considerations.  This  is  the  result  of  the 
higher  density  of  copper  in  relation  to  the  other  materials  present  in  the 
problem.  The  higher  density  results  in  a  shorter  range  and  larger  stopping 
power  for  electrons  in  the  wire  than  in  carbon  or  Teflon.  This  effect  was 
observed  over  the  range  of  energies  studied  from  1  to  4  MeV.  Results  are 
presented  in  Figure  2.  The  error  bars  are  too  large  to  derive  an  exact 
energy  dependence  for  the  ratio  of  effective  to  geometric  cross  sections. 
However,  it  appears  to  be  logarithmic  in  energy.  Finally,  it  is  noteworthy 
that  although,  depending  on  beam  energy,  five  to  ten  secondary  electrons 
are  created  for  each  primary  electron,  they  insignificantly  modify  the 
charge  distribution  in  the  various  zones.  This  indicates  that  on  average 
the  number  of  knockons  created  in  a  zone  is  equal  to  the  number  whose 
histories  are  terminated  in  that  zone  by  dropping  below  the  minimum  energy 
level  of  10  keV. 
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Figure  2.  Ratio  of  effective  to  geometrical  cross  section 
versus  electron  beam  energy. 
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APPENDIX  B 


Tabulated  CYLTRAN  Output  for 
1,  2,  3,  and  4  MeV  Monoenerget 
Electron  Beams  Into  a  Small 
Aperture  Faraday  Cup 
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ABSTRACT 


The  Monte  Carlo  transport  of  a  1.5  MeV  electron  beam  in  low  den¬ 
sity  and  full  atmosphere  air  is  studied.  At  a  pressure  of  0.5  Torr  virtu¬ 
ally  none  of  the  beam  is  deflected  in  10  meters  due  to  classical  scattering 
or  bremsstrahl ung.  At  760  Torr  the  beam  is  scattered  in  less  than  2 
meters.  The  main  purpose  of  this  research  was  to  determine  the  angular 
dependence  of  secondary  electrons  (delta  rays)  leaving  the  beam-air  inter¬ 
action  region  on  their  energy.  At  low  pressure,  excellent  agreement  is 
observed  between  code  results  and  an  analytical  formula  for  the  scattering 
angle  as  a  function  of  delta  ray  energy  down  to  energies  of  a  few  tens  of 


PROBLEM  CONFIGURATION 


A  monoenergetic  1.5  MeV  electron  beam  of  radius  3.8  cm  is 

injected  into  a  cylindrical  column  of  air  10  cm  in  radius  and  10  meters 

deep.  The  air  is  composed  of  79%  Nitrogen,  20  %  oxygen  and  1%  Argon.  The 
low  pressure  simulation  at  0.5  Torr  is  sectioned  into  80  zones  in  an 
attempt  to  determine  where  the  beam  energy  is  deposited.  The  high  pressure 
run  at  760  Torr  is  divided  into  2  zones  from  0  to  2,  and  2  to  10  meters. 

The  primary  purpose  of  this  was  to  reduce  computer  running  time,  because  we 

were  mainly  interested  in  the  angular  distribution  of  delta  rays  (secondary 

electrons)  as  a  function  of  their  energy.  At  high  pressure,  however,  the 
angular  dependence  was  unobtainable. 

RESULTS 


The  Monte  Carlo  transport  code  CYLTRAN  was  used  in  this  study. 

It  is  particuarly  suitable,  because  it  can  calculate  both  electron  and  pho¬ 
ton  transport  in  cylindrical  geometry.  The  problem  may  involve  up  to  five 
materials  each  consisting  of  a  maximum  of  ten  elements  without  code  modifi¬ 
cation.  The  problem  cylinder  may  be  zoned  axially  and  radially  into  100 
compartments,  if  necessary.  CYLTRAN  is  detailed  in  Reference  1. 

Data  on  air  at  0.5  Torr  pertaining  to  beam  stopping  power,  range 
and  radiation  yield  up  to  a  maximum  beam  energy  of  1.5  MeV  is  compiled  in 
Appendix  A.  It  is  generated  based  on  material  density,  composition,  and 
tabulated  cross  sections  for  the  various  elements.  Transport  data  for  the 
electron  beam  in  0.5  Torr  air  is  also  given  in  Appendix  A.  It  shows  that 
all  of  the  electron  beam  is  transmitted.  Only  those  zones  within  the  beam 
path  have  any  energy  from  primary  electrons  deposited  in  them.  Total  ener¬ 
gy  deposition  from  primary  and  secondary  electrons  is  .10%.  No  charge 
deposition  due  to  primaries  is  recorded.  Charge  loss  from  secondaries 
leaving  the  beam  volume  is  .7-.  The  500,000  incident  beam  electrons  gener¬ 
ate  only  3440  secondary  electrons  -  all  knockons.  This  results  in  rather 
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poor  statistics  for  delta  ray  production  and  angular  dependence  on  energy. 
Nevertheless,  those  points  which  can  be  plotted  show  excellent  agreement 
with  an  already  existing,  well-known  formula  for  the  angular  dependence  of 
delta  rays.  The  equation  which  was  derived  from  momentum  and  energy  con¬ 
servation,  is 


where  E  is  the  primary  electron  energy  and  w  and  e  a>e  the  delta  ray  energy 
and  scattering  angle.  Equation  (1)  and  the  points  derived  from  the  CYLTRAN 
program  are  given  in  Figure  1. 

A  second  run  at  full  atmospheric  pressure  was  made.  CYLTRAN 
results  at  this  higher  pressure  are  given  in  Appendix  B.  In  contrast  with 
the  prior  results,  all  beam  electrons  are  scattered  with  virtually  all 
escaping  the  air  cylinder  laterally  in  less  than  2  meters.  A  small  per¬ 
centage  (<  .2%)  are  reflected,  but  none  are  stopped  in  the  cylinder  vol¬ 
ume.  On  average  each  primary  deposits  9.1%  of  its  energy  to  create  .7 
knockons/primary .  Note,  however,  that  delta  rays  which  are  created  with 
energy  of  less  than  10  keV  are  ignored,  so  that  this  number  is  an  under¬ 
estimate.  Because  the  vast  majority  of  the  beam  electrons  are  escaping 
laterally  along  with  those  deltas  with  sufficient  energy  to  escape  the  cyl¬ 
inder,  it  is  impossible  to  determine  delta  ray  angular  dependence  on  ener¬ 
gy.  Each  10°  angular  bin  has  electrons  of  all  possible  energies  (1.5  MeV 
to  10  keV)  in  it.  A  code  update  which  provides  separate  data  on  escaping 
primary  and  secondary  electrons  will  be  necessary  to  resolve  this  problem. 
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Figure  1.  Angular  dependence  of  delta  rays  on  their  energy  for  a  1.5  MeV 
beam.  The  solid  line  results  from  Equation  (1).  The  points  are 
based  on  CYLTRAN  for  air  at  0.5  Torr. 
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simulate  the  FX-100  beam  propagating  in  air.  When  avalanching  is  signifi¬ 
cant,  return  current  tends  to  concentrate  on  axis  and  defocuses  the  beam 
head.  A  strong  fi lamentation  instability  accompanies  large  return  current 
fractions.  We  attempt  to  correlate  these  results  with  the  experimental 
data. 
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FIGURE 

1  Initialization  of  CPROP  at  0.4  Torr.  Part  (a) 
shows  contours  of  the  beam  current  density 
Ub(p,z)  in  units  of  17  kA/cm^.  The  values 

of  the  contours,  labeled  by  A,  B,  C,  D,  E,  F, 

G,  are  linearly  spaced.  The  z  coordinate  is  in 
cm.  The  radial  coordinate  p  is  related  to  the 
physical  coordinate  r  by  p  =  aln(l  +  r/a)  where 
a  is  the  Bennett  radius  in  cm.  The  Bennett 
radius  is  at  p  =  2.2.  In  (b),  (c),  (d),  (e) 
phase  plots  of  the  beam  are  depicted.  The 
current  and  voltage  ramps  in  (a)  and  (e), 
respectively,  are  approximately  those  of  the 
experiment. 

2  Contour  plots  of  the  fields  Ez,  Er,  in 
units  of  0.51  MV/cm,  the  Be  field  in  units  of 
0.51  x  104/3  gauss,  the  z  component  of  the 
net  current  density  Jnet>  and  the 
conductivity  a  in  units  of  3  x  1010/4n 
sec-1,  at  an  air  pressure  of  0.4  Torr. 
Avalanching  is  included  in  the  conductivity 
model . 

3  Contour  plots  of  Jnet,  B0 ,  and  0  with  the 
same  normalization  as  in  Fig.  2,  also  at  0.4 
Torr.  The  avalanching  term  in  the  conductivity 
model  has  been  removed. 

4  Open  shutter  photographs  of  the  FX-100  beam  at 
various  air  pressures  (p).  The  beam  is 
propagating  from  left  to  right.  In  (a),  (c) 
and  (d),  the  camera  is  positioned  13  cm 
downstream  from  the  diode.  In  (b),  it  is  4.4  m 
downstream. 

5  Contour  plots  of  Jnet,  B0  and  o  at  0.125 
Torr.  Avalanching  is  included. 

6  Phase  plots  of  beam  after  traveling  two  meters 
through  air  at  0.4  Torr,  showing  nose  erosion. 
Cf.  Fig.  1. 
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I.  INTRODUCTION 


Theoretical  investigations  in  support  of  the  FX-100  experiments  have 
relied  on  two  existing  MRC  computer  codes:  CPROP,  which  is  a  propagation 
code,  and  KMRAD,  a  linear  theory  code.  The  usefulness  of  these  codes  is 
hampered  by  lack  of  an  air  conductivity  model  whose  known  range  of  validity 
encompasses  the  0.1  -  2.0  To rr  regime.  At  present,  CPROP  uses  a  conducti¬ 
vity  model  developed  for  use  at  pressures  in  the  range  10^  -  10^  Torr.1 

The  validity  of  this  model  at  pressures  in  the  neighborhood  of  1  Torr  is 
certainly  questionable,  but  its  degree  of  inaccuracy  is  unknown.  We  shall 
interpret  our  numerical  results  in  this  light  and  seek  to  extract  informa¬ 
tion  which  will  guide  future  efforts. 


The  CPROP  model  for  the  beam  is  straightforward.  The  beam  is  initia¬ 
lized  with  current  and  voltage  ramps  close  to  those  measured  experimen¬ 
tally,  and  is  given  a  Bennett  profile  in  radius  (Fig.  1).  Due  to  computing 
expense  and  computer  core  limitations  only  the  first  15  ns  of  the  pulse 
were  simulated.  At  each  location  in  z  (direction  of  propagation)  the  beam 
particles  were  assigned  an  emittance  based  on  an  approximate  formula  for 
the  scattering  produced  by  the  titanium  anode  foil.2  The  initialization  of 
the  code  is  completed  by  computing  the  self-consistent  fields,  conducti¬ 
vity,  and  return  current  in  the  frozen  field  approximation3  (the  initiali¬ 
zation  is  the  only  stage  at  which  this  approximation  is  used  by  CPROP). 


The  code  KMRAD  requires  the  input  of  a  beam  equilibrium  and  conducti¬ 
vity  profile.  It  provides  linear  growth  rates  and  is  much  cheaper  to  run 
than  CPROP.  It  simulates  only  the  body  of  the  pulse  and  cannot  deal  with 
the  head  of  the  beam. 
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Figure  1.  Initialization  of  CPROP  at  0.4  Torr.  Part  (a)  shows  contours  of 
the  beam  current  density  Jb(p,z)  in  units  of  17  kA/cm2.  The 
values  of  the  contours,  labeled  by  A,  B,  C,  D,  E,  F,  G,  are 
linearly  spaced.  The  z  coordinate  is  in  cm.  The  radial 
coordinate  p  is  related  to  the  physical  coordinate  r  by  p  = 
aln(l  +  r/a)  where  a  is  the  Bennett  radius  in  cm.  The  Bennett 
radius  is  at  p  =  2.2.  In  (b),  (c),  (d),  (e)  phase  plots  of  the 
beam  are  depicted.  The  current  and  voltage  ramps  in  (a)  and 
(e),  respectively,  are  approximately  those  of  the  experiment. 
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II.  NUMERICAL  RESULTS 


The  result  of  initializing  CPROP  at  a  pressure  of  0.4  Torr,  which  is 
in  the  experimental  propagation  window,  is  shown  in  Fig.  2.  This  figure 
shows  the  presence  of  both  an  electrostatic  radial  and  an  inductive  longi¬ 
tudinal  electric  field  at  the  head  of  the  beam  where  the  conductivity  is 
lowest.  Comparing  Fig.  2  with  Fig.  3,  we  see  that  the  avalanching  these 
fields  produce  have  a  large  effect  on  the  magnitude  and  profile  of  the 
return  current.  In  Fig.  2,  the  return  current  fraction  obtained  is  f  -  80" 
and  the  return  current  is  more  peaked  on  axis  than  the  beam  current  so  that 
the  Bq  field  peaks  near  the  wall  instead  of  at  the  Bennett  radius.  When 
the  particles  are  "let  go,"  the  beam  expands  out  radially  and  loses  almost 
one  third  of  the  particles  to  the  wall  before  contracting.  Most  of  these 
lost  particles  come  from  the  nose  of  the  beam.  The  beam  continues  to 
bounce  but  few  particles  are  subsequently  lost.  It  has  been  suggested4 
that  at  low  pressures,  avalanching  will  not  occur  on  a  significant  scale 
because  of  the  long  mean  free  path  of  secondary  electrons.  With  avalanch¬ 
ing  turned  off  in  CPROP,  we  obtain  f  -  35“  and  the  return  current  has 
approximately  the  same  radial  profile  as  the  beam.  If  propagated,  this 
beam  will  start  to  pinch  inward.  The  experimental  evidence  tends  to  favor 
the  inclusion  of  avalanching  in  the  conductivity  model.  At  pressures  near 
0.35  Torr,  return  current  fractions  of  80  -  95"  are  observed  near  the 
diode.  Furthermore,  several  open  shutter  photographs  taken  near  the  diode 
(Fig.  4a)  show  some  of  the  beam  blowing  off  radially. 

The  large  conductivity  produced  by  avalanching  leads  to  a  long  magne¬ 
tic  decay  time  for  the  monopole  return  current,  t  -  900  ns  (the  pulse 
length  is  about  120  ns).  This  means  that  the  resistive  instabilities 
most  likely  to  develop  are  those  with  short  transverse  wavelength  \±, 

i.e.  filamentary  instabilities,  since  the  magnetic  decay  time  is 
2 

proportional  to  x±.  The  linearized  simulation  code  KMRAD  was  used  to 
look  for  such  instabilities.  The  open  shutter  photographs  seem  to  indicate 
that  the  fine  structure  in  the  beam  is  azimuthally  symmetric  so  we  set  m=0 
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Figure  2.  Contour  plots  of  the  fields  Ez,  Er.  in  units  of  0.51  MV/cm, 
the  B@  field  in  units  of  0.51  x  1 0^ /3  gauss,  the  z  component 
of  the  net  current  density  Jnet»  and  the  conductivity  o  in 
units  of  3  x  10*0/4*  sec-^-,  at  an  air  pressure  of  0.4  Torr. 
Avalanching  is  included  in  the  conductivity  model. 


Figure  3.  Contour  plots  of  Jnet>  >  an^  o  with  the  same  normalization 
as  in  Fig.  2,  also  at  0.4  Torr.  The  avalanching  term  in  the 
conductivity  model  has  been  removed. 


In  the  simulations.  We  chose  a  return  current  fraction  of  95%  and  the 
return  current  and  conductivity  profiles  were  assumed  to  follow  the  beam 
profile.  The  magnitude  of  the  conductivity  was  taken  from  CPROP.  We  found 
growth  rates  on  the  order  of  2  x  10®  sec"l,  with  a  transverse  wave¬ 
length  of  0.8  -  1  cm  (The  beam  Bennett  radius  is  3  cm).  The  growth 
rates  are  largest  for  kz  <<  k^  which  corresponds  to  low  real  frequen¬ 
cies,  and  low  group  velocities.  The  latter  implies  that  the  number  of 
e- foldings  which  the  instability  can  undergo  is  roughly  «  ytp,  where 
Y  is  the  growth-rate  and  xp  is  the  pulse  length.  Assuming  that  our  esti¬ 
mate  of  the  growth  rate  is  reasonable,  then  ^  -  20  can  be  attained, 
which  would  allow  the  instability  to  develop  strongly.  However,  while 
these  calculations  are  suggestive,  the  experimental  data  is  not  detailed 
enough  to  allow  us  to  rule  out  other  explanations  for  the  fine  structure 
seen  both  in  the  open  shutter  (Figs.  4b,  4d)  and  streak  photographs. 

At  lower  pressures,  in  the  neighborhood  of  0.1  Torr,  CPROP  predicts 
return  current  fractions  of  about  70%,  and  a  return  current  profile  close 
to  that  of  the  beam  current  (Fig.  5).  When  propagated,  the  beam  collapses 
to  a  smaller  radius  than  its  initial  one  of  3  cm.  This  behavior  is 
qualitatively  similar  to  that  observed  experimentally.  The  measured  return 
current  fraction  is  about  45%  and  the  open  shutter  photographs  (Fig.  4c) 
show  a  pinched  beam  with  a  radius  of  about  2  cm. 

No  significant  nose  erosion  is  seen  experimentally.  CPROP  predicts 
that  at  p  =  0.4  Torr,  the  beam  loses  about  1  meter  in  propagating  the  first 
2  meters,  as  we  see  by  comparing  Figs.  1  and  6.  This  erosion  is  at  the 
limit  of  the  experimental  precision.  The  steepening  of  the  longitudinal 
beam  current  profile  in  Fig.  6  gives  rise  to  an  increase  in  the  amplitude 
of  Ez  at  the  beam  head  by  a  factor  of  six  over  its  value  at  t  =  0  (Fig. 

2).  This  does  not  lead  to  a  dramatic  increase  in  the  erosion  rate  however 
since  the  beam  energy  y  also  increases  as  one  moves  back  from  the  head. 
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III.  SUMMARY 


We  have  used  the  simulation  codes  CPROP  and  KMRAD  to  attempt  to 
explain  some  of  the  phenomena  seen  in  the  FX-100  experiments.  Since  we 
have  doubts  about  the  appropriateness  of  the  conductivity  model  employed, 
our  conclusions  are  tentative.  The  simulations  show  that: 

(1)  The  large  return  current  fractions  measured  experimentally  near 
0.4  Torr  and  above  are  consistent  with  the  presence  of  avalanch¬ 
ing. 

(2)  At  0.4  Torr  and  above,  avalanching  causes  the  return  current  to 
concentrate  on  axis,  and  this  may  be  responsible  for  the  radial 
blowing-off  of  some  of  the  beam  seen  in  open  shutter  photographs. 

(3)  Resistive  filamentation  instabilities  driven  by  the  large  return 
current  fraction  may  be  the  source  of  the  fine  structure  seen  in 
open  shutter  and  streak  photographs  at  0.2  -  0.4  Torr. 

(4)  Near  0.1  Torr  the  return  current  profile  tends  to  follow  the  beam 
current  profile. 

To  put  the  above  conclusions  on  a  more  secure  footing,  an  improved  conduc¬ 
tivity  model  is  essential.  In  addition,  more  carefully  controlled  experi¬ 
mental  conditions  would  benefit  future  work.  In  the  present  series  of 
experiments,  the  beam  exhibited  diverse  behavior  on  different  shots  under 
apparently  identical  conditions. 
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Figure  9.  Atomic  and  molecular  lines  have  different 
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ABSTRACT 

During  the  low-pressure  air  propagation  experiments  with  the  FX-100 
electron  beam  (E-  1.5  MeV,  I  -  40  kA,  At  -  120  ns,  p  -  0.1  -  20  Torr) 
several  diagnostics  that  used  visible  light  emission  were  employed.  These 
included  time-integrated  (open  shutter)  photography,  time-resolved  (streak 
and  framing)  photography,  and  time- integrated  spectroscopy.  In  this  report 
we  develop  a  theoretical  framework  for  interpretation  of  these  diagnostics 
and  discuss  the  results  of  the  measurements. 

We  find  that  for  propagation  experiments  in  general  there  may  be  large 
contributions  to  the  observed  emission  from  both  delta  rays  and  the  ion- 
ized-channel  electrons.  The  plasma  electron  contribution  is  sensitive  to 
temperature  and  to  distortion  of  the  tail  of  the  distribution  through  high 
E/p  effects.  The  emitted  light  can  be  used  to  observe  the  beam  current  in 
regions  not  dominated  by  high  E/p  because  of  the  proportionality  of  the 
descendent  electron  density  to  the  beam  electron  density.  However,  radial 
resolution  of  the  current  density  profile  may  be  blurred  by  the  contribu¬ 
tion  of  delta  rays  ejected  at  large  angles.  The  temporal  response  of  the 
emitted  light  can  be  expected  to  faithfully  reproduce  the  beam  current  his¬ 
tory  only  when  the  pressure  is  higher  than  a  minimum,  which  depends  on  the 
highest  frequency  of  interest  in  the  beam  current. 

From  the  spectral  measurements  we  have  identified  observed  red  emiss¬ 
ion  to  be  atomic  oxygen  at  6157A,  we  have  identified  a  large  number  of 
N2>  ^2  and  N+  emissions,  and  we  have  shown  the  atomic  line  radiation 
to  emanate  from  a  region  of  limited  radial  extent.  In  the  streak  photo¬ 
graphs  we  have  seen  some  results  of  the  magnetic  field  collapse  at  the  end 
of  the  beam.  We  have  observed  that  the  molecular  emissions  temporally 
track  the  beam  and  that  the  atomic  emission  persists  at  late  times,  after 
the  beam  has  passed.  The  framing  photos  also  show  the  collapse  of  the 
field  and  radiating  volume,  and  the  long  history  of  the  atomic  emissions. 
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I.  INTRODUCTION 


Observation  of  visible  light  emission  is  a  commonly  used  diag¬ 
nostic  technique  in  high-intensity  relativistic  electron-beam  propagation 
experiments.  Photography  is  an  obvious  and  useful  way  of  observing  the 
behavior  of  self-luminous  experiments,  and  much  information  has  been 
obtained  from  both  high-speed  and  time-integrated  photography.  For  exam¬ 
ple,  estimates  of  the  hose-instability  growth  length,  betatron  wavelength, 

1-3 

and  beam  radius  have  been  obtained  from  photographic  records.  Visi¬ 
ble  light  emitted  in  beam  experiments  has  also  been  observed  by  other  meth¬ 
ods  such  as  wavelength-filtered  fast  photodetectors  measuring  the  total 

4 

light  emitted  from  a  region  of  limited  axial  <  ;tent.  For  some  beam 

and  air  pressure  parameter  regimes,  these  measurements  were  found  to  be 

correlated  with  the  total  beam  current,  which  suggests  that  this  technique 

could  be  employed  as  a  nonperturbing  beam-current  monitor  ("optical  Far- 
5-6 

aday-cup").  Furthermore,  if  the  excitation  of  air  fluorescence  by 
primary  beam  electrons  is  indeed  the  dominant  source  of  light,  then  the 
analysis  of  high-speed  streak  or  framing  camera  photographs  would  be  a  con¬ 
venient  method  for  obtaining  time-resolved  details  of  the  beam  current  den¬ 
sity  distribution. 

As  indicated,  there  is  a  wealth  of  information  to  be  gained  from 
the  proper  interpretation  of  optical  emissions.  The  purpose  of  this  report 
is  two-fold:  to  develop  a  rough  theoretical  basis  for  such  an  interpreta¬ 
tion,  and  to  present  the  results  of  optical  measurements  from  recent  FX-100 
experiments.  In  Section  II  the  underlying  assumptions  about  optical  emis¬ 
sions  are  reviewed,  excitation  mechanisms  other  than  by  the  primary  beam 
identified  and  the  importance  of  these  mechanisms  estimated. 


We  will  show  that  for  propagation  experiments  In  general  there 
may  be  significant  contributions  to  the  emitted  light  resulting  from  delta 
rays  (knock  on  electrons)  and  ioni zed-channel  electrons.  The  contribution 
from  the  channel -plasma  electrons  is  sensitive  to  the  temperature  and  can 
be  enhanced  by  distortions  of  the  high-energy  tail  of  the  distribution  by 
large  electric  fields.  We  will  develop  the  necessary  conditions  on  the  air 
pressure  that  must  be  met  in  order  to  reproduce  the  beam  current  temporal 
history  with  high  fidelity.  We  will  conclude  that  because  of  the  propor¬ 
tionality  of  the  descendent-electron  distribution  to  the  beam  electron  dis¬ 
tribution,  reproduction  of  the  beam  current  is  possible  within  these  con¬ 
straints,  although  delta  rays  can  lead  to  a  blurring  of  the  radial  current 
profile.  In  Section  III  experimental  results  are  presented  and  discussed. 
These  results  include  spectra,  streak  photographs  and  framing  photographs. 
Observed  red  emission  from  the  low-pressure  FX-100  experiments  was  spec¬ 
trally  identified  as  an  atomic  oxygen  line.  Additionally,  we  identified  a 
large  number  of  singly  ionized  nitrogen  lines  confined  in  a  region  much 
smaller  than  the  beam  radius,  as  well  as  the  typical  beam-excited  molecular 
nitrogen  bands  seen  over  the  entire  radial  extent  of  the  beam.  The  atomic 
emissions  were  seen  to  persist  for  times  much  longer  than  the  passage  of 
the  beam,  leading  to  an  "over-exposure"  of  persistent  stationary  structure 
in  the  time- Integrated  open- shutter  photographs. 
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II.  THEORY  OF  VISIBLE  EMISSION  FROM  ELECTRON  BEAMS  PROPAGATING  IN  AIR 

In  high-density  air  propagation  experiments  with  p0  greater 
than  a  few  Torr  the  emission  is  dominated  by  the  molecular  nitrogen  purple- 
blue  light  emissions. ^  Of  these,  the  N|  first  negative  (1")  band 
emission  at  3914  A  and  the  N2  second  positive  (2+)  band  emission  at 
3371  A  are  transitions  that  have  been  suggested  as  useful  for  beam  diagnos¬ 
tics.  The  excited  states  of  these  transitions  are  rapidly  quenched  and  it 
is  assumed  that  the  time  history  of  these  transitions  accurately  reflects 
the  time  history  of  the  electron  density  that  excites  the  molecules.  With 
this  assumption  and  if  the  emission  results  from  only  the  beam  primaries, 
the  light  emitted  from  an  axially  limited  region  measures  the  beam  current 
and  accurately  maps  the  radial  distribution  of  the  high-energy  beam. 

Possible  sources  of  error  in  these  interpretations  can  result  if 
there  is  significant  excitation  of  the  molecular  states  by  the  secondary 
(delta-ray)  electron  population  or  py  the  weakly-ionized  channel  elec¬ 
trons.  The  cross  sections  for  excitation  generally  have  thresholds  of 
about  5-  20  eV,  have  maxima  near  70-90  eV,  and  fall  off  as  znE/E  in  the 

O 

high  energy  limit.  Figure  1  presents  the  excitation  cross  section  for 

the  N+  first  negative  band.  The  delta-ray  distribution,  which  extends 

outside  of  the  beam  radius,  will  provide  a  significant  contribution  to  the 

excitation  because  of  the  large  proportion  of  delta-rays  with  energies  near 

the  excitation  cross-section  maximum.  This  is  evident  from  inspection  of 

g 

the  delta-ray  distribution  presented  in  Figure  2.  Furthermore,  light 
emitted  from  a  particular  axial  location  is  to  some  degree  dependent  on 
delta  rays  created  at  a  different  axial  position.  Thus,  the  spatial 
dependence  of  the  emission  intensity  is  highly  dependent  on  the  spatial 
distribution  of  delta-ray  secondaries,  which  tends  to  mask  the  correlation 
with  primary  beam  excitation.  Finally,  the  weakly-ionized  channel  elec¬ 
trons  can  contribute  strongly  to  the  observed  light;  as  a  result  of  high 
E/p  (electric-field  to  pressure  ratio)  distortion  of  the  channel-plasma 
electron  distribution,  there  may  be  a  significant  number  of  electrons  with 
energies  greater  than  the  threshold  or  near  the  peak  of  the  excitation 
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cross  section.  As  seen  In  Figure  3,  without  the  high  E/p  effects  the 
overlap  of  the  plasma  electron  distribution  and  the  excitation  cross- 
section  is  inconsequential  for  temperatures  less  than  1  eV.  These  second¬ 
ary  electrons  can  produce  a  light  Intensity  competitive  with  that  produced 
by  primary  beam  excitation  and  correct  interpretation  of  visible  observa¬ 
tions  thus  depends  on  an  understanding  of  these  effects. 

Thus,  the  problems  of  Interpreting  measurements  of  visible  light 
emission  are  somewhat  analogous  to  the  problems  that  arise  in  attempts  to 
interpret  measurements  of  currents  using  Rogowski  belts  or  B-dot  probes. 
These  inductive  current  diagnostics  are  sensitive  only  to  the  net  current 
(sum  of  primary  beam  and  secondary  return  currentsland  additional  diagnos¬ 
tics  must  be  employed  to  resolve  each  component  .  The  light  emission  diag¬ 
nostics  are,  in  turn,  also  sensitive  to  a  weighted  net  current  (sum  of  pri¬ 
mary  beam  and  secondary  currents  weighted  by  effective  excitation  fac¬ 
tors). 

There  are  two  steps  in  unfolding  beam  parameters  from  the 
observed  emission.  The  first  is  to  determine  the  position  dependent 
excited  state  population  density  from  the  given  visible  intensity.  The 
intensity  of  visible  radiation  emitted  by  an  optically-thin  line  radiator 
with  thickness  z  is 

z 

1  ■£*  0/vz  •  (I) 

where  h\>  is  the  photon  energy,  A(s”l)  is  the  spontaneous  emission  transi¬ 
tion  probability,  and  Nex  (cm'3)  is  the  position  dependent  excited 
state  population  density.  The  spatial  variation  of  Nex  can  be  obtained 
by  tomographic  inversion  techniques  (eg.  Abel  inversion  for  cyl indrical ly 
symmetric  systems  such  as  beams).  Photography  can  thus  provide  an  accurate 
measurement  of  the  time- integrated  spatial  distribution  of  excited  states 
If  an  optical  filter  at  wavelength  x  =  c/v  Is  used.  Time  resolution  can  be 
obtained  with  a  streak  or  framing  camera.  The  remaining  question  is  that 
of  establishing  beam  parameters  through  a  knowledge  of  Nex. 
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For  the  optically  thin  radiator,  radiative  excitation  can  be 
neglected,  and  the  excitation  to  the  upper  state  by  collisions  occurs  at  a 
rate  given  by  <onev>,  where  a  is  the  (velocity  dependent)  excitation 
cross  section.  The  average  is  taken  over  the  electron  distribution  in 
velocity  space,  ne.  The  total  density  distribution  is  composed  of  n^ 
(primary-beam  electrons),  n^  (delta-ray  secondary  electrons)  and  np 
(ioni zed-channel  plasma  electrons);  each  has  a  very  different  velocity 
distribution.  The  upper  state  of  the  transition  can  be  de-excited 
coll isionally  (in  addition  to  radiating)  and  the  rate  for  this  process  is 
q0N0.  where  N0  is  the  density  of  air  molecules,  and  q0  is  the 
quenching  coefficient  in  air. 


Including  these  processes  and  neglecting  other  means  of  populat 
ing  the  upper  level  (such  as  recombination)  one  gets  the  rate  equation  for 
the  excited  state  population. 


Nex  "  “o  ‘  ANex  -  «NexNo 


(2 


Equation  (2)  can  be  rewritten  as 


N  +  N  /t  =  <anv>  N  , 
ex  ex  o’ 

which  has  the  solution 

t 


Nex  =  expC-t /t ]  /  exp[t7i]  <anev>  Ngdt'  +  C  exp  [-t/i], 

The  time  constant,  t,  in  equations  (3)  and  (4)  is 
r  =  [A  +  qNo]_1 


(3 


(4 


(5 


Several  features  of  Equations  (2)-(5)  that  relate  to  the  applicability  of 
optical  emission  diagnostics  are  worth  pointing  out.  The  lower  pressure 


for  practical  use  of  this  radiation  diagnostic  Is  the  pressure  at  which 
quenching  first  dominates  t.  For  pressure  greater  than  this  minimum  and 
time  variations  of  the  electron  density  much  larger  than  t,  the  density  of 
excited  states  is  Independent  of  air  pressure  and  is  given  by 

Nex'  <onev>/q  (6) 

As  an  example,  we  will  use  the  first  negative  emission  of  ^(3914  A);  for 
this  transition  the  spontaneous  emission  coefficient  is  A  =  1.24  x  107 
s"l  and  the  quenching  coefficient  in  air  is  q  =  5.1  x  10"*°  cm3  s'* 

(Ref.  10).  Therefore,  quenching  dominates  t  for  air  densities  N0  >  A/q  = 
2.4  x  1016  cm- 3  (p0  >  .74  Torr  at  20°C).  For  full  atmospheric  pres¬ 
sure,  t  =  78  ps,  which  is  much  faster  than  the  time  variations  in  present 
experiments.  For  comparison  the  second  positive  emission  of  ^(3371  A) 

(A  *  l.lxlO7  s"l  and  q  =  6.6xl0_1l  cm3  j-1)11  has  a  minimum 
useful  pressure  of  -5.1  Torr  (t  -  .60  ns  for  3371  A  emission  in  full 
density  air). 


Equation  (5)  can  be  solved  for  N0,  the  minimum  neutral  number 
density  required  to  assure  a  required  response  time  tr. 

N  _  1 _ A 

o  qtr  q 

For  N^(l-)  and  N£ ( 2+ )  this  becomes,  respectively, 

.74  Torr 


59.4 

p  "  tf(ns) 


(7a) 


459. 

tr(ns) 


5.05  Torr 


(7b) 


Equations  (7)  are  plotted  In  Figure  4.  This  figure  is  useful  for  the 
determination  of  the  minimum  pressure  for  which  the  emission  Intensity  can 
be  expected  to  faithfully  follow  an  experimental  density  variation. 


Furthermore,  this  figure  indicates  the  expected  delay  time  between  the 
onset  of  a  rapid  electron  density  increase  at  low  pressures  (where  the  den¬ 
sity  rise  time  is  much  less  than  tr  given  by  Eq.  (7))  and  the  appearance 
of  the  optical  emission.  For  example,  at  pressures  less  than  1  Torr,  the 
emission  from  density  increases  occurring  in  less  than  -  10  ns  would  have 
a  rise  time  of  -  20  -  30  ns.  This  lack  of  temporal  fidelity  is  a  further 
limitation  on  the  pressure  range  for  use  of  emission  diagnostics. 

To  summarize,  to  be  assured  that  the  emission  intensity  faith¬ 
fully  reproduces  the  electron  density  variation,  one  is  restricted  to  pres¬ 
sures  greater  than  given  in  Fig.  4  for  any  expected  time  variation  of  the 
electron  density,  and  to  insure  independence  of  the  emission  from  the  neu¬ 
tral  gas  density  the  pressure  must  be  greater  than  0.74  Torr  (for  3914  A 
light)  or  5.1  Torr  (for  3371  A). 

Assuming  that  the  density  variations  in  the  experiment  satisfy 
the  foregoing  restrictions,  then  the  observed  emission  intensity  will  be 
proportional  to  <onev>  (Equation  (1)  and  Equation  (6)).  However,  ne  is 
composed  of  n^,  and  np;  the  beam,  secondary  and  plasma  electron 
distributions;  each  with  its  own  widely  differing  energy  distribution.  The 
observed  fluorescence  is  a  combination  (both  temporaly  and  spatially)  of 
these,  and  any  information  about  n^  (or  =  <n^v>)  must  be  further 
unfolded. 

To  unfold  the  observed  fluorescence  first  consider  the  plasma 
electrons.  At  the  higher  pressures  a  significant  fraction  of  the  plasma 
electrons  result  from  direct  ionization  and,  therefore,  have  a  density  pro¬ 
portional  to  the  beam  density.  These  electrons  cannot  distort  the  optical 
measurements  unless  there  exists  a  mechanism  for  locally  distorting  the 
light  intensity  resulting  from  their  excitation  of  the  molecular  levels. 
Such  a  mechanism  is  found  in  high  E/p  effects.  For  high  electric  field- 
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to-pressure  ratios  (E/p)  a  large  .lumber  of  particles  go  into  the  high 
energy  tail  of  the  distribution  raising  the  effective  temperature  of  the 
electrons.^  For  E/p  =  10  V  cm-1  Torr*1  in  air,  T«^^/Tgas  -50  (Ref.  13). 
Because  of  high  effective  temperature  electrons  with  more  than  the 
threshold  for  excitation  (- lleV  for  ^(2+))  will  be  present.  The 
large  number  of  plasma  electrons  relative  to  the  beam  electrons  ( - 10^ ) 
could  contribute  greatly  to  the  observed  emission.  Because  of  the  time 
dependent  fields  and  skewed  distribution,  a  simple  but  accurate  estimate  of 
these  effects  cannot  be  made  here. 


However,  a  rough  estimate  of  <nov>  can  be  made  for  both  the 
plasma  and  the  beam.  The  ratio  of  these  gives  the  relative  amount  of 
excitation  due  to  both  sources.  The  average  for  the  plasma  electrons  can 
be  done  by  using  a  Maxwellian  distribution  and  a  linear  fit  for  the  excita¬ 
tion  cross  section  near  its  threshold,  if  the  Maxwellian  temperature  is 
much  less  than  the  threshold  energy.  Then, 


o  =  aE  +  b 


E  >  Eo 


(8) 


*  0 


E±Eo 


For  N* ( 1  - ) ,  E0  -  18.8  eV  and  a  =  10*1®  cm2  ey-l  an(j 
b  =  1.88xl0"l7  cm2.  The  average  for  beam  electrons  was  calculated  from 
a  monoenergetic  distribution.  The  result  is 


<nqV>p 


<n°  v>b 


a(E0+  2kT) 


-Eo/kT 

e 


(9) 
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where  the  subscripts  p  or  b  refer  to  plasma  or  beam  electrons,  n  is  the 
particle  density,  kT  the  plasma  temperature,  E^  the  beam  electron  energy, 
me2  the  electron  rest  mass,  oiE^)  the  excitation  cross  section  at  the 
beam  energy,  E0  the  threshold  energy  for  excitation,  and  b  is  the  slope 
of  the  cross  section  at  threshold.  For  the  N+(l-)  band,  assuming  that 
np/%  =  ancl  MeV  beam  electrons, 


<nov> 
<no  v> 


£  "  37 . 2 ( kT ) 1 /2  (18.8  +  2kT)  e‘18-8/kT  . 


For  20  MeV  beams 


<n0v>f 

<nov>. 


27.9(kT) 


(18.8  +  2kT)  e 


■18.8/kT 


The  1.5  MeV  result  is  plotted  on  Figure  5.  For  plasma  temperatures  greater 
than  2.6  eV,  the  excitation  from  plasma  electrons  is  greater  than  from  beam 
electrons.  The  curve  is  very  steep  between  1  and  3  eV  and  probably  quite 
sensitive  to  the  model.  The  curve  is,  therefore,  intended  only  as  a  rough 
guideline  and  an  indication  of  the  magnitude  of  possible  plasma  electron 
effects.  What  is  clearly  evident  is  that  the  light  resulting  from  the 
plasma  electron  distribution  can  equal  that  resulting  from  beam  primaries 
if  the  effective  plasma  temperature  is  only  slightly  increased  by  high  E/p 
effects.  That  is,  the  emission  resulting  from  plasma  electrons  is  greatly 
and  non-linearly  enhanced  in  regions  of  high  E/p.  A  20  MeV  curve  could  be 
similar  to  the  1.5  MeV  curve  only  scaled  in  magnitude  by  .75.  On  the  scale 
of  Figure  5  the  two  would  be  almost  indistinguishable. 
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Next  we  examine  the  delta-ray  (knock-on)  secondary  electrons. 
Bombarding  N2  with  1.5  MeV  electrons  and  monitoring  the  N^d-)  emis¬ 
sions,  Hirsch,  et  al.,  found  that  roughly  1/3  of  the  emission  was  due  to 
primaries  and  2/3  due  to  secondaries.  A  theoretical  estimate  of  <nov>6/ 

<n ov>b  can  be  made  to  compare  to  the  experimental  results.  Again 
<nov>b  is  calculated  by  characterizing  the  distribution  as  monoenergetic 
and  using  the  cross  section  evaluated  at  the  beam  energy.  The  number  of 
particles,  n,  is  left  unspecified, 

<n0v>.  ..  1. 8xl0"19n.  .  (12) 

b  b 

For  every  n^  that  forms  N+,  there  are  n^  delta  electrons  formed  and  a 
total  of  secondaries,  tertiaries,  etc.  of  -  3  nb-  By  integrating  over 
the  electron  distribution  and  cross  section 

<nov>6  -  3.9xl0‘19nb  .  (13) 

This  gives  32%  of  the  emission  due  to  primaries  and  68%  due  to  secondaries, 
in  very  close  agreement  with  experimental  results.  At  20  Mev  these  frac¬ 
tions  are  38%  and  62%,  respectively. 

Considering  the  case  of  a  20  MeV  beam  of  .1  cm  radius  in  full 
density  air,  neglecting  the  fields  gives  half  the  energy  of  the  secondaries 
deposited  within  a  radius  of  .1  cm  (in  the  beam)  and  half  outside  of  the 
beam.  Considering  only  primaries  and  secondaries,  1/3  of  the  N^U*) 
emission  is  due  to  primaries,  1/3  due  tc  secondaries  in  the  beam  and  1/3 
due  to  secondaries  outside  the  beam.  The  effect  of  the  delta-ray  secon¬ 
daries  is,  therefore,  to  blur  the  radial  spatial  resolution.  The  time 
history  of  the  total  light  from  a  region  of  limited  axial  extent  will,  how¬ 
ever,  not  be  significantly  different  than  the  time  history  of  the  beam  cur¬ 
rent  as  a  result  of  delta  ray  effects  because  of  the  proportionality  of 


%  and  .  Thus,  an  optical  Faraday  cup  based  on  this  principle  should 
not  be  affected  by  delta-ray  electrons.  Indeed,  the  additional  signal 
resulting  from  delta  ray  secondaries  helps  to  enhance  the  wanted  signal 
(proportional  to  np)  compared  with  the  "noise"  (proportional  to  np,  for 
example) . 

In  summary,  there  are  large  contributions  to  the  observed  emis¬ 
sion  from  both  delta  rays  and  the  plasma  electrons.  The  contribution  from 
the  plasma  is  very  sensitive  to  the  temperature  and  high  energy  tail  of  the 
distribution  and  the  delta  ray  contribution  differs  spatially  from  the  beam 
contribution.  Although  much  information  must  be  decoupled  to  obtain  beam 
parameters  from  optical  emissions,  the  emissions  do  appear  to  be  good  mon¬ 
itors  of  total  energy  deposition.  In  regions  not  dominated  by  high  E/p 
effects,  the  total  (radially  integrated)  light  from  a  region  of  limited 
axial  extent  can  probably  be  used  as  an  "optical  Faraday  cup"  to  measure 
I5 ( t)  because  of  the  proportionality  of  the  descendent  electron  density 
to  np.  The  temporal  response  of  such  a  diagnostic  can  be  expected  to 
follow  Ip  only  at  pressures  higher  than  a  minimum  determined  by  the  most 
rapid  fluctuations  of  Ip. 
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III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

To  this  point  the  discussion  has  centered  on  the  interpretation 
of  observed  emissions,  primarily  N2(2+)  and  N^ll").  Also  Import¬ 
ant,  and  of  future  diagnostic  use,  Is  the  understanding  of  the  gross  fea¬ 
tures  of  open  shutter  and  high-speed  photographs.  In  this  section  we  will 
attempt  to  understand  some  of  these  features  by  examining  optical  measure¬ 
ments  made  during  the  course  of  propagation  experiments  using  the  AFWL  FX- 
100  accelerator.  The  parameters  of  these  experiments  appear  in  Table  1. 

Two  striking  features  on  some  open-shutter  photographs  are  color 
changes  (red  and/or  green-blue)  and  feathering  (see  Figure  6  for  this 
effect).  Time  integrated  spectra  were  obtained  to  identify  the  source  of 
this  emission.  Streak  and  framing  photographs  give  both  a  temporal  history 
of  the  emissions  and  an  Indication  of  feathering. 

Spectral  measurements  were  taken  at  0.35  Torr  (near  the  0.5  Torr 
air  pressure  for  maximum  energy  transport;  i.e.,  "middle"  of  the  propaga¬ 
tion  window).  Because  of  time  constraints  spectra  at  other  pressures  could 
not  be  taken.  The  spectra  were  taken  after  propagating  4.5  m.  They  were 
integrated  over  10  shots.  The  dispersing  instrument  used  for  these  data 
was  a  Jarell-Ash  1/2-meter  Fastie-Ebert  spectrometer  with  a  1200  groove/mm 
(5500  A  blaze  wavelength)  grating.  The  recording  medium  was  Polaroid  type 
47  film. 


Figures  7-11  display  densitometer  scans  of  the  photographs  of 
the  spectral  lines,  and  Table  2  lists  the  Identified  lines  and  bands  and 
their  designations.  There  are  three  major  wavelength  regions  where  emis¬ 
sion  are  observed:  3750-4450A,  4600-4710A,  and  6157A.  Lower  wavelengths 
were  not  recorded  because  the  acrylic  windows  used  have  a  sharp  cutoff  at 
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-  3500A.  The  lowest  wavelength  region  is  the  characteristic  purple-blue 
emissions  and  is  dominated  by  N2  and  N^.  The  band  emission  intensity 

in  these  regions  was  probably  sufficient  to  saturate  the  film  response. 

The  wavelength  region  4600-4710A  is  dominated  by  singly  ionized  atomic 
nitrogen  (N+).  Emission  in  the  red  wavelength  range  is  dominated  by  a 
line  at  6157A. 

The  red  (6157  A)  emission  appears  only  in  a  narrow  range  of 
pressures.  In  the  FX-100  experiments  the  red  emission  is  observed  between 

-  0.1  -*■  0.8  Torr,  and  is  not  observed  at  any  pressure  in  pure  N2  exper¬ 
iments.  At  higher  and  lower  air  pressures  the  emission  is  the  characteris¬ 
tic  purple-blue  from  N2  and  n|. 

The  6157a  emission  line  is  from  atomic  oxygen,  and  was  the  only 
neutral  atomic  emission  observed.  The  oxygen  transition  is  4d5D  -  3p5P 
while  the  ground  state  is  2p3P.  Although  forbidden  transitions  such  as 
3P  +  5D  frequently  occur  through  scattering,  it  seems  unlikely  that  for 
the  most  intense  oxygen  transition  the  upper  state  would  be  populated  in 
this  manner.  Probably,  the  beam  produces  0+,  which  recombines  with  elec¬ 
trons  to  form  oxygen  in  the  state.  This  interpretation  is  also  con¬ 
sistent  with  no  emission  being  observed  at  higher  pressures.  0+  would  be 
lost  through  charge  exchange  to  O2  which  is  exoergic,  so  there  would  be 
no  recombination  to  form  0(5d).  Similarly,  at  very  low  pressures,  recom¬ 
bination  would  not  be  as  likely  because  of  the  reduced  collision  fre¬ 
quency.  Figure  12  is  a  more  detailed  densitometer  scan  for  this  oxygen 
line,  actually  3  lines  at  6156.0,  6156.8  and  6158. 2A  corresponding  to  J  = 

1,  2  and  3. 


Figure  13  shows  two  densitometer  scans  over  the  same  portion  of 
the  spectra.  The  bottom  one  was  taken  along  the  axis  of  the  beam  as  were 
all  the  earlier  scans.  The  upper  scan  corresponds  to  a  radial  position 
0.63  cm  off  axis.  At  this  radial  position  the  atomic  nitrogen  (N+)  lines 
were  no  longer  apparent.  This  was  a  general  characteristic  of  the 
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spectra.  The  spatial  extent  of  the  atomic  lines  was  much  smaller  than  for 
the  molecular  lines.  The  molecular  emission  had  a  radius  of  -  30  nm,  the 
atomic  emission  -  2.4  mm,  and  the  radius  of  the  beam  was  -  30  nm.  This 
is  indicative  of  a  very  high  electron-distribution  average  energy  near  the 
axis,  because  the  electron  energy  needed  to  dissociate  and  ionize  the  N? 
molecules  is  -  24.3  eV. 

An  Imacon  790  image-converter  camera  was  used  to  obtain  streak 
and  framing  pictures  of  the  emission.  These  observations  were  made  through 
the  same  window  used  for  the  spectrometer  but  were  not  simultaneous  with 
spectral  measurements.  The  image-converter  camera  had  a  rather  long  delay 
after  triggering,  and  in  order  to  record  the  head  of  the  beam  it  was  nec¬ 
essary  to  delay  the  emission  light  by  folding  the  optical  path  through  2.2 
m  and  locating  the  camera  next  to  the  FX-100  output  switch.  The  camera 
trigger  was  derived  directly  from  the  light  emitted  by  the  FX-100  output 
switch.  This  physical  arrangement  provided  the  required  delay  of  the  beam 
emission  signal  through  the  beam  vacuum-diode  delay,  beam-propagation 
delay,  and  optical -path  delay.  A  1200-mm  Questar  collection  lens  used  at 
the  camera  provided  adequate  magnification  and  light  intensity  without  the 
use  of  intermediate  field  or  relay  lenses. 

Figure  14  is  a  streak  photograph  taken  at  0.35  Torr.  The  abrupt 
decrease  in  the  diameter  of  the  emission  is  at  -  120  ns,  the  length  of 
the  beam  pulse.  It  Is  clear  from  this  photograph  that  the  intense  emission 
near  the  axis  persists  in  stationary  patterns  for  long  times  after  the  beam 
has  passed  through  the  region.  The  radial  contraction  is  probably  due  to 
the  collapse  of  the  magnetic  field  set  up  by  the  beam.  Because  the  spectra 
had  shown  the  spatial  depedence  of  the  atonic  and  molecular  emissions  to  be 
different,  streak  photographs  were  made  with  wavelength  filters  with  pass- 
bands  at  typical  molecular  and  atomic  emission  wavelengths.  One  filter  had 
a  passband  centered  at  the  N+  band  at  4278A  and  these  photographs  showed 
that  the  molecular  emission  turned  off  at  120  ns  (at  the  same  time  that  the 
beam  turned  off).  This  light  was  observed  to  originate  over  the  larger 
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radial  extent  previously  observed  in  the  time-integrated  spectral  measure¬ 
ments.  The  other  filter  allowed  for  the  transmission  of  the  atomic  nitro¬ 
gen  lines  between  4607A  and  4643A.  In  agreement  with  the  spectra,  the 
atomic  emissions  were  of  limited  radial  extent.  Unfortunately,  the  inten¬ 
sity  of  the  atomic  emissions  was  low  and  the  starting  time  for  these  could 
not  be  accurately  determined.  They  appear  to  start  -  100  ns  after  the 
beam  head  and  continue  for  more  than  800  ns  after  the  beam  passage. 

Although  plasma  currents  continue  to  flow  in  the  gas  long  after 
the  beam  passage,  the  L/R  decay  of  these  currents  is  too  rapid  (100  -  200 
ns)  to  explain  the  observed  afterglow  emission  from  excited  atomic  states, 
which  persists  for  more  than  800  ns.  Another  possible  mechanism  for  the 
continued  excitation  of  these  states  is  the  colli sional  transfer  of  energy 
initially  stored  as  molecular  vibrational  energy  (Tv)  by  beam  or  delta- 
ray  electron  excitation.  However,  the  most  likely  explanation  for  the  per- 
si stance  of  atomic  states  such  as  N+  after  their  initial  formation  is 
simply  the  extremely  slow  deionization  rate  at  the  low  air  pressures  of 

these  experiments.  To  show  this,  the  deionization  times  for  the  various 
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colli sional  reactions  as  well  as  radiative  recombination  are 

graphed  for  a  wide  range  of  dry  air  pressures  in  Fig.  17.  Also  given  is 
the  scaling  of  this  time  with  neutral  gas  and  electron  density  and  temper¬ 
ature. 

For  calculation  of  the  N+  deionization  times  that  are  graphed 
in  Figure  17  the  gas  temperatures  (Tg),  electron  temperature  (Te)  and 
electron  density,  ne,  were  chosen  to  give  the  fastest  rates  for  realistic 
values  of  these  parameters.  That  is,  it  is  unreasonable  to  assume  that  the 
N+  concentrate  could  be  depleted  more  rapidly  than  indicated  by  the 
graph.  It  is  clear  from  this  figure  that  the  observed  afterglow  from  N+ 
states  for  >  500  ns  in  0.35  Torr  air  is  not  surprising.  Note  that, 
although  deionization  of  high  pressure  and  weakly  ionized  air  is  controlled 
by  neutral  association,  deionization  at  pressures  higher  than  -  2  Torr 
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can  be  dominated  by  three-body  recombination  If  the  fractional  Ionization 
(f  *  ne/na)  Is  great  enough.  However,  at  the  pressures  relevant  to  the 
FX-100  experiments  reported  here  the  rate  determining  reactions  for  N+ 
deionization  are  N+  +  O2  reactions.  All  deionization  times  Increase 
with  temperature  and  even  with  an  air  temperature  as  cold  as  1/40  eV, 
deionization  by  these  reactions  In  0.35  Torr  air  Is  slow  enough  that  N+ 

Ions  would  persist  In  the  afterglow  for  several  hundred  ns.  In  agreement 
with  the  observations. 

Framing  photographs  are  shown  In  Figures  15  and  16.  Each  frame 
Is  integrated  over  10  ns  and  the  Interval  between  frames  is  40  ns.  The  se¬ 
quence  In  which  the  frames  were  taken  alternates  between  the  lower  and 
upper  rows,  left  to  right  (in  the  N  shaped  sequence  characteristic  of  the 
Imacon  camera).  These  photographs  clearly  show  the  formation  of  the 
feather  patterns  seen  earlier  In  the  open  shutter  photographs  (Fig.  6). 

The  feathering  appears  to  occur  at  the  end  of  the  beam  (Frames  3  and  4), 
possibly  as  the  fields  (and  thus  E/p)  are  rapidly  changing.  However,  the 
feathering  may  be  present  at  all  times  and  masked  by  other  intense  emiss¬ 
ions.  As  the  region  of  emission  collapses  at  the  end  of  the  beam,  the  ver¬ 
tices  of  the  feathers  remain  in  the  same  location  and  continue  to  radiate 
for  long  times  (the  last  frame  is  -  600  ns  In  Fig.  16,  and  -  700  ns  in 
Fig.  17).  The  integration  of  the  radiation  from  these  vertices  is  respon¬ 
sible  for  the  Intense  exposure  previously  seen  near  the  axis  of  the  open 
shutter  pictures.  Thus,  the  "hot  spots"  previously  seen  in  open  shutter 
photographs  do  not  result  from  extremely  Intense  emission  for  a  short 
duration,  but  rather  are  the  result  of  long  time  exposure  compared  with  the 
remainder  of  the  emission. 

In  summary,  from  the  spectral  measurements  we  have  identified 
the  observed  red  emission  to  be  atomic  oxygen  at  6157A,  we  have  Identified 
a  large  number  of  N2,  and  emissions,  and  we  have  shown  the 
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atomic  line  radiation  to  emanate  from  a  region  of  limited  radial  extent. 

In  the  streak  photographs  we  have  seen  some  results  of  the  magnetic  field 
collapse  at  the  end  of  the  beam.  We  have  observed  that  the  molecular 
emissions  temporally  track  the  beam  and  that  the  atomic  emission  persists 
at  late  times,  after  the  beam  has  passed.  The  framing  photos  give  the 
first  hint  of  the  feathering  process,  show  the  collapse  of  the  field  and 
radiating  volume,  and  the  long  time  history  of  the  atomic  emissions. 

Further  development  of  these  techniques  (i.e.,  time-resolved  spectroscopy) 
holds  great  promise  for  providing  much  information  on  beam-air  chemistry 
(and  hence  conductivity)  and  on  basic  beam  parameters. 
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TABLE  1.  FX-100  BEAM  PROPAGATION  EXPERIMENT  PARAMETERS 


Maximum  Beam  Energy, 

Maximum  Beam  Current, 

Beam  Pulse  Duration, 

Beam  1/e-radius  at  injection, 

Propagation  Chamber  Radius, 

Observation  Port  Position, 


Ek  =  1.5  -  2.0  MeV 
b 

I.  *  35  -  40  kA 
b 

At  =  120  ns 

r.  =  3  cm 
bo 

R  =  10  cm 
w 

z  *  4.5  m 
o 

p  =0.1-20  Torr 
Ko 


Air  Pressure, 


TABLE  2.  IDENTIFICATION  OF  OBSERVED  LINES  AND  BANDS. 


WAVELENGTH 

ATOM/MOLECULE 

TRANSITION 

A 

(band)  ( v ' ,  v") 

3755 

n2 

(2+)  (1,3) 

3805 

n2 

(2+)  (0,2) 

3858 

n2 

(2+)  (4,7) 

3884 

N2  + 

0-)  (l.D 

3914 

n2 + 

00  (0,0) 

3943 

n2 

(2+)  (2,5) 

3998 

n2 

(2+)  (1,4) 

4059 

n2 

(20  (0,3) 

4095 

n2 

(2+)  (4,8) 

4142 

n2 

(2+)  (3,7) 

4167 

n2+ 

(1-)  (3,4) 

4200 

n2 

(2+)  (2,6) 

4236 

n2+ 

(10  (1,2) 

4270 

n2 

(2+)  (1,5) 

4278 

No  + 

(10  (0,1) 

4344 

n2 

(20  (0,4) 

4417 

n2 

(20  (3,8) 

3d  3P°-4f  D( 5/2 ) 

3p  3D  -  3d  3D° 

4433 

4447 

n+ 

N+ 

4490 

n2 

(20  (2,7) 

N+ 

3d  IF  -  4f  G(9/2) 

4554 

n2 + 

(10  (3,5) 

4574 

n2 

(20  0,6) 

4600 

No  + 

00  ,  (2.4) 

4607 

N+ 

3s  3P°  -  3p3P 

4614 

N+ 

3s  3P°  -  3p3P 

4621 

N+ 

3s  3P°  -  3p3P 

4630 

N+ 

3s  3P°  -  3p3P 

4643 

N+ 

3s  3P°  -  3p3P 

4652 

No  + 

00  0.3) 

4678 

N+ 

3d  lp°  -  4f  D( 3/ 2 ) 

4709 

n2 + 

00  ,  (0,2) 

4803 

N+ 

3p  3D  -  3d3D° 

4860 

N+ 

3p  3D  -  3d3D° 

5001 

N+ 

3p  3D  -  3d3F° 

5005 

N+ 

3s  6p  _  3p5po 

3p  3D  -  3d3F° 

5667 

N+ 

3s  3P  -  3p3D 

5680 

N+ 

3s  3P  -  3p3D 

5686 

N+ 

3s  3P  -  3p3D 

573  1 

N+ 

3s  3P  -  3p3D 

6157 

0 

3p  6p  .  4d5D° 

ata  from  Ref.  8) 


_  5005  N 


5001  N+ 
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Figure  13.  Densitometer  scan  of  FX-100  spectra  off  axis  and  on  axis. 
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gure  15.  Framing  photograph  of  FX-100  beam  at  .35  Torr. 
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